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INVESTIGATION OF OIL-FIRED FORCED-AIR FURNACE 
SYSTEMS IN THE RESEARCH RESIDENCE 


I. IntTRopucTIoNn 


1. Cooperative Agreement —This bulletin is the twelfth to be pub- 
lished under the present cooperative agreement* between the National 
Warm Air Heating and Air Conditioning Association} and the Uni- 
versity of Illinois for an investigation of warm-air furnaces and furnace 
heating systems. The agreement was formally approved in August, 
1918, and the research work was begun in October of that year. Under 
the terms of this agreement a very extensive study of furnace heating 
problems has been made, using first an experimental plant with aux- 
iliary equipment in the laboratory, and later a typical modern resi- 
dence erected by the Association for the express purpose of. corre- 
lating and extending the work in the laboratory to the conditions of 
actual installation, including both gravity and forced-air heating 
systems. 

The cooperating association has been represented by a Research 
Advisory Committee, the personnel of which changes somewhat from 
year to year. 

Since 1932 the following members of the Association have served 
on this Committee: 

F. G. Sepewick, Chairman, Waterman-Waterbury Company, Min- 
neapolis, Minnesota. 

G. W. Dences, Williamson Heater Company, Cincinnati, Ohio. 

R. A. Guuick, May-Fiebeger Company, Newark, Ohio. 

F. L. Meyer, Meyer Furnace Company, Peoria, Illinois. 

C. W. Nesseiu, Minneapolis-Honeywell Regulator Company, Day- 
ton, Ohio. 

I. W. Rowetu, Hermansville, Michigan. 

T. W. Torr, Rudy Furnace Company, Dowagiac, Michigan. 

For the period of 1934 to 1936, inclusive, the following representa- 
tives of manufacturers who contributed to a special fund which was 
devoted to the purpose of carrying on the investigation on oil-fired 
equipment were associated with the Committee: 

Exuiorr Harrincton, General Electric Company, Schenectady, 


New York. 


*‘Report of Progress in 


ix II, pp. 61-63, 1919. Pa ten 
ee yee ee Nps, 1928, this Association was known as the National Warm Air Heating and 
Ventilating Association. From April, 1928, to June, 1933, it was known as the National Warm 


Air Heating Association. 7 
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W. H. Hurcutns, Delco Appliance Corporation, Rochester, New 
York. 

A. Kuorzman, May Oil Burner Corporation, Baltimore, Maryland. 

Earu Nesmitu, Williams Oil-O-Matic Heating Corporation, 
Bloomington, Illinois. 

M. A. Powers and M. C. Kincawe, Timken-Silent Automatic 
Company, Detroit, Michigan. 

B. E. Suaw, Gilbert and Barker Manufacturing Company, Spring- 
field, Massachusetts. 

C. E. Suiexps, Petroleum Heat and Power Company, Stamford, 
Connecticut. 

It is the function of the Research Advisory Committee to propose 
such problems for investigation as are of the greatest interest to the 
manufacturers and installers of warm-air furnaces and heating 
systems. Of these problems, the Engineering Experiment Station staff 
selects for study those which can best be investigated with the facilities 
and equipment available at the University. The cooperating Associa- 
tion provides funds for defraying a major part of the expense of this 
research work. 

A number of publications have already been issued by the Engi- 
neering Experiment Station dealing with the results of this work. They 
are as follows: 

Bulletin No. 112, “Report of Progress in Warm-Air Furnace Re- 
search”; 

Bulletin No. 117, “Emissivity of Heat from Various Surfaces”; 

Bulletin No. 120, “Investigation of Warm-Air Furnaces and Heat- 
ing Systems”; 

Bulletin No. 141, “Investigation of Warm-Air Furnaces and Heat- 
ing Systems, Part II”; 

Bulletin No. 188, “Investigation of Warm-Air Furnaces and Heat- 
ing Systems, Part III”; 

Bulletin No. 189, “Investigation of Warm-Air Furnaces and Heat- 
ing Systems, Part IV”; 

Bulletin No. 280, ‘ ‘Humidifieation for Residences”; f 

Bulletin No. 246, “Investigation of Warm-Air Furnaces and Heat- 
ing Systems, Part V”; 

Bulletin No. 266, “Tn v6sanee of Warm-Air Furnaces and Heat- 
ing Systems, Part VI’; and 

Circular No. 15, “The Warm-Air Heating Research Residence in 
Zero Weather.” 


The following two bulletins dealing with the results obtained in 
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cooling the Research Residence in summer have been issued by the 
Engineering Experiment Station: 

Bulletin No. 290, “Investigation of Summer Cooling in the Warm- 
Air Heating Research Residence”; 

Bulletin No. 305, “Summer Cooling in the Warm-Air Heating Re- 
search Residence with Cold Water.” 

In addition to these publications of the Engineering Experiment 
Station, a number of papers on Warm-Air Furnace Heating have been 
prepared by the research staff and presented before, and published in 
the Transactions of, the American Society of Heating and Ventilating 
Engineers. These papers have appeared almost yearly in the Society’s 
Transactions since the beginning of the investigation. The following 
books, both published by the National Warm-Air Heating and Air 
Conditioning Association, summarize the material contained in the 
bulletins: 

“Gravity Warm Air Heating—Digest of Research” and 

“Winter Air Conditioning—Forced Warm-Air Heating.” 

The present bulletin deals with work accomplished since the publi- 
cation of Bulletin No. 266. Material contained in the earlier bulletins 
has not been repeated. 


2. Acknowledgments —tThis investigation has been carried on as a 
part of the work of the Engineering Experiment Station of the Uni- 
versity of Illinois and as a project of the Department of Mechanical 
Engineering. The investigation was conducted under the general ad- 
ministrative direction of Dean M. L. Enarr, Director of the Engineer- 
ing Experiment Station, and of Pror. O. A. Leurwiter, Head of the 
Department of Mechanical Engineering. 

Acknowledgment is made to R. B. Enepaut, Special Research As- 
sistant, and to J. S. CunnineHam, formerly Research Graduate As- 
sistant, for their services in conducting the tests and in the reduction 
of the test data. 

Acknowledgment is also made to the various companies who con- 
tributed funds through the National Warm Air Heating and Air Con- 
ditioning Association, and to the manufacturers who cooperated by 
furnishing instruments and equipment used in the investigation. 


3. Chjects of Investigation —A detailed outline of the original 
objectives of the investigation is given in Engineering Experiment 
Station Bulletin No. 246, including a general discussion of the problem 
and the methods employed. In addition to the original objects of the 
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investigation there has been added the investigation of a complete 
mechanical, or forced-air, system operating with motor-driven cen- 
trifugal fans. The present bulletin deals with an investigation con- 
ducted during the heating seasons of 1934, 1935, and 1936 of the 
forced-air system when fired by means of an oil burner. 

The investigation for the heating season of 1934-1935 was under- 
taken to determine the performance and operating characteristics of 
a warm-air furnace equipped with a conversion oil-burning unit. For 
the heating season of 1935-1936 the conversion oil-burning furnace 
unit was replaced with a warm-air furnace designed specifically for 
oil combustion, and the performance and characteristics of the furnace 
were compared under identical conditions of operation with those 
obtained with the conversion unit. 

The studies of the factors affecting the temperature difference 
between floor and breathing level have been in progress for several 
years in the Research Residence, and have been confined to gravity 
warm-air, auxiliary or “booster” fan, and forced-air heating systems. 
These studies were supplemented with tests conducted during the 
winter of 1935-1936 on the forced-air heating system to determine the 
factors affecting the cyclical variations in room air temperatures. 
Tests were conducted in the winter of 1936-1937 to determine the effect 
on the temperature distribution in the rooms of circulating a reduced 
air volume during periods of light load. Normal and reduced air 
volumes were obtained by the use of a two-speed fan. 


II. Description or PLANTS 


4. Research Residence——The Research Residence* has been de- 
scribed in detail in Engineering Experiment Station Bulletins Nos. 
189 and 266. It is a three-story structure of standard frame construc- 
tion, with the exception that the studding is 2 in. x 6 in. instead of 
the 2 in. x 4 in. more commonly used. The roof consists of copper 
shingles laid on felt over wood sheathing. The wall section consists of 
lap siding, building paper, sheathing, 6 in. studding, wood lath and 
plaster with rough sand finish painted with three coats of paint. At the 
time that these tests were made the walls were not insulated. The 
double-hung windows were not equipped with weather strips, and 
during the tests they remained tightly locked. 


*The Research Residence in Urbana, Illinois was built, furnished, and completely equipped 


specifically for research work in warm-air heati ; ‘ 1 i 
Conditioning Association in December, ou a by the National Warm Air Heating and Air 
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TABLE 1 
AREAS AND DIMENSIONS oF FURNACES 


= eee eee eee 


Conversion Unit Oil-Burning Furnace 
Heating Surface, sq. ft. 
BUA Geeta aterey fate) ah aiees ete: H(i s 6 Sis kc vare Sieve a d cas Os eNNE ee 

PAPE Mob ree te iio cic ue Saeco. be totems So 

PRUDES Mee aoe Bs cess nla scBoccic toe ess # 59.5 

Wombustroni secon en 82) sche c owtew cael enn 18.87 23.6 

AIC OL een etter, AS eS 31.93 19.0 

TORN. Se sR ah Green Pane MIN ge aR Ee 70.28 102-1 
ROPMOMA COE ERG Tht fo CaP cs Sones Sr SE ee ke 2.88 Non 
Refractory top section, inside dimension, in........... 17.0 (diam.) 14.5 x 26.5 
Combustionispace,* cu. ft... 2, osc sca snslce ccc occces 2.36 2.56 


*The combustion space is regarded as that space enclosed within the refractory bricks. 


The total space heated consisted of three rooms, a sun room, a 
breakfast nook, and a hallway on the first story, three rooms, a 
bathroom, and a hallway on the second story, and two rooms, a bath- 
room, and a hallway on the third story. The total volume of this 
heated space, from which the basement was excluded, was approxi- 
mately 17 540 cu. ft. The calculated heat loss was approximately 
130 210 Bt.u. per hr. at an indoor-outdoor temperature difference 
of 70 deg. F., and approximately 149 840 B.t.u. per hr. at an indoor- 
outdoor temperature difference of 80 deg. F. The Residence is com- 
pletely furnished, and during the heating season it was occupied by 
four people. A small amount of cooking was done in the kitchen. 
Unless otherwise specified, the state of the Residence was the same for 
the work done during the three heating seasons. 


5. Heating System.—The heating plant, consisting of a warm-air 
furnace used in connection with a forced-air heating system, has been 
described in detail in Engineering Experiment Station Bulletin No. 266. 
Three cold-air returns were used which were connected to a cold-air 
box above the inlet to a centrifugal type fan. The furnace was placed 
at the East end of the basement, and the warm-air registers were 
served from two main trunk systems. 

The furnace used during the heating season of 1934-1935 was of the 
cast-iron, circular-radiator type, having a 27-in. firepot and 23-in. 
erate, and was equipped with a casing 50 in. in diameter. A diagram of 
the furnace is shown in Fig. 1, and areas and dimensions are given in 
Table 1. In order to accommodate the gun-type oil burner which 
was inserted through the ash-pit door of the furnace, the grates were 
removed and firebrick were arranged to form a cylindrical combustion 
space, as shown in Fig. 1. Hereafter this combination of the furnace 
and burner will be referred to as the conversion unit. 
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Fie. 1. Diagram or CoNvVERSION UNIT 


During the heating seasons of 1935-1936 and 1936-1937, the furnace 
used was of steel construction, and was especially designed for oil 
burning. A diagram of the furnace is shown in Fig. 2 
dimensions are given in Table 1. 
hereafter as the oil-burning furnace. 
faces of the two furnaces, listed in Ta 


, and areas and 
This furnace will be referred to 
The values for the heating sur- 
ble 1, show that the oil-burning 
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Fig. 2. Dracram or O1L-BuRNING FURNACE 


furnace had approximately 45 per cent greater heating surface than did 
the conversion unit. 

The same gun-type oil burner was used in the conversion unit and 
in the oil-burning furnace. Hence, any differences in performance of 
the two furnace installations could be attributed to the differences in 
the furnaces and not to the differences in the type of oil burner used. 
The fan and furnace were built into a compact unit which was housed 
in an insulated casing. The centrifugal type fan was equipped with 
forward curved blades placed on a wheel 15.5 in. in diameter. The 
fan was driven from the electric motor by a V-belt connection. 
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The fuel oil burned was a No. 3 grade furnace oil, having a specific 
gravity of approximately 36 deg. Baumé, and a heating value of ap- 
proximately 19 750 B.t.u. per lb. 


6. Automatic Controls—In the case of the tests with the single- 
speed fan operated intermittently, the control of the heating plant was 
accomplished by means of a room thermostat operating to start and to 
stop the burner and the circulating fan, as shown in Fig. 3. This room 
thermostat was used in conjunction with two bonnet thermostats. 
When the room thermostat operated to start the fan and burner, one 
bonnet thermostat prevented the fan from starting unless the bonnet 
temperature was above 125 deg. F. The other bonnet thermostat pre- 
vented the burner from starting unless the bonnet temperature was 
below 175 deg. F. The room thermostat, which was of the heat-antici- 
pating type, was located on an inside wall of the dining room at a 
height of 30 in. from the floor and was adjusted to maintain an 
average air temperature of approximately 72 deg. F. at the 60-in. level 
in all of the rooms of the Residence. 

For the tests reported in Section 37 the location of the room thet- 
mostat was changed in order to determine the effect of the thermostat 
location on the frequency of operation of the circulating fan. 

In the case of the tests made with the two-speed fan the room 
thermostat was not changed, but modifications were made in the 
electrical connections for the bonnet thermostats and also in the 
settings of the bonnet thermostats. The control of the heating plant 
was accomplished by means of the room thermostat operating to start 
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and stop the burner only, as shown in Fig. 4. When the bonnet air 
temperature was less than 125 deg. F. the fan did not operate; when the 
bonnet air temperature was between 125 deg. F. and 160 deg F. the fan 
was operated at low speed; and when the bonnet air temperature ex- 
ceeded 160 deg. F. the fan was operated at high speed. In both series of 
tests the same control instruments were used in order to eliminate 
any effects due to differences in the sensitivity and setting of the in- 
struments; and the same electric motor (% h.p. capacitor type, 110 
volts, 60 cycle, 1140 r.p.m. maximum speed) was used for the fan in 
order to eliminate effects due to differences in motor characteristics. 


7. Warm-Air Registers—tIn Engineering Experiment Station Bul- 
letin No. 266 there has been reported an extensive series of tests made 
to determine the effect of various types of warm-air registers on the 
temperature gradient in the room. 

These studies were extended, during the latter part of the 1936-1937 
heating season, to include all of the 12 baseboard registers in the 
Residence. The large perforated grille types of registers, which had 
been in place since the construction of the house in 1924, were re- 
placed with smaller, deflecting type registers, the sizes of which are 
given in Table 2. The new registers were of such construction that 
the air was projected either horizontally or downward into the room 
near the floor level and in some cases also deflected sidewise. In the 
bathroom and southwest bedroom on the second story, the louvers in 
the registers were so adjusted that the air was deflected away from 
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walls which were less than three feet in front of the registers. In the 
case of the bathroom and the two dormitory rooms, in which the 
register was located within 3 in. above the baseboard, the air was 
projected downwards towards the floor. 


III. Test Procepurr 


8. General Statement—The general procedure of testing, although 
requiring some modification to meet the conditions existing in the 
Residence, was similar to that described in Engineering Experiment 
Station Bulletin No. 120. The air temperatures in all of the rooms 
of the house at the 60-in. level were maintained at approximately 
72 deg. F. during all of the 24 hours which constituted one test period, 
and all of the doors between rooms were open during the tests. Either 
periodie or continuous records were made of all significant tempera- 
tures in the rooms, in the duct system, and of the outdoor air, as is 
completely described in previous publications. 

The air delivery of the fan was measured by means of a Pitot tube, 
placed at the fan outlet and calibrated in position. The calibrating 
apparatus consisted of a 15-in. diameter duct which was connected to a 
front opening in the furnace bonnet. The two trunk ducts were com- 
pletely closed and sealed at the entrance to the bonnet during the cali- 
bration so that all of the air delivered by the fan passed through the 
furnace casing and then through the 15-in. duct. The air entering this 
duct passed through straighteners, followed by 5 ft. of straight duct. 
It then passed the Pitot tube. traverse station and was discharged into 
the basement through an adjustable cross damper located 4 ft. from 
the traverse station. For a given speed of the fan the adjustable cross 
damper in the 15-in. duct was locked in a fixed position, and a 12-point 
traverse along two diameters at right angles to each other was made. 
At the same time, observations of the pressure indicated by the Pitot 
tube at the fan outlet were also made. By repeating this procedure 
for other positions of the adjustable cross damper at the given fan 
speed, a curve was obtained, correlating the pressure indicated by the 
Pitot tube at the fan outlet with the air volumes as determined from 
the traverse. Similar curves were obtained for different fan speeds. 
When the calibration was completed the calibrating duct was removed, 
the 15-in. hole in the front of the bonnet was sealed, and the entrances 
to the trunk ducts were opened in order to make the furnace ready 


for service. 
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The presence of six 16 in. x 25-in. viscous type air filters on the 
inlet side of the fan caused slight decreases in the air delivery, owing 
to the increased resistance as the filters became filled with dust. Hence, 
in order to maintain a constant air delivery each day, slight adjust- 
ments were made in two multiple louvered dampers placed above the 
filters in the return duct. The presence of the dampers in the return 
duct and the special construction used in the bonnet to adapt this 
furnace for summer cooling added somewhat to the resistance to the 
flow of air. The electrical energy consumption of the fan motor was 
that resulting from the system as actually installed. 

The temperature at different points in the bonnet was measured by 
means of a thermocouple protected against radiation by being supported 
in the center of a fused silica tube having a bore of %4¢ in. This tube 
was inserted in the trunks at the bonnet outlets, and air was drawn 
through the tube and past the thermocouple at a velocity greater than 
20 ft. per sec.,* thus eliminating the effect of radiation from the cast- 
ings of the furnace. These readings were correlated with simultaneous 
readings of a recording thermometer placed in the north trunk and 
of thermocouples placed in the trunk ducts just outside of the opening 
into the bonnet, and the correlation curves were used to obtain the 
temperatures of the air at the bonnet from the readings of the re- 
cording thermometer and of the trunk-duct thermocouples made dur- 
ing the test periods. 


9. Continuous Operation of Burner and Fan—lIn order to de- 
termine the capacity at the bonnet and the thermal efficiency of the 
furnaces for various conditions of operation, tests were made under 
conditions of thermal equilibrium with both the burner and the fan 
operating continuously. In these tests, the temperature of the inlet 
air was maintained at approximately 70 deg. F., and the quantity of 
air circulated, the rate of oil input, the draft in the combustion 
chamber, and the amount of air required for combustion were main- 
tained constant during the two-hour test period. These tests, which 
corresponded to the usual laboratory tests for the determination of the 
heat output of a heating unit, provided data for the heating unit only, 
without reference to the structure in which it was placed. 

The quantities referred to as “capacity,” “combustion rate,” “bonnet 


efficiency,” and “overall house efficiency” are defined by the following 
equations: 


*“The Measurement of the Temperature of a Flowi a 
Chappell, Industrial and Engineering Ghomnisres April 1995” ee hn soa 
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Capacity, B.t.u. per hr. 

put into air = Wx 0.24 X(T, — 7) 
Heat liberated in fur- 
nace, B.t.u. per hr. ~ © X 4 


Bonnet efficiency, per _ W X 0.24 (T, — T,) x 100 


cent CX H 
Overall house s [(C x H) — Flueloss up chimney] 100 
efficiency, per cent — CX H 
in which 


W = weight of air circulated per hr., lb. 

0.24 = mean specific heat of air, B.t.u. per lb. 
C = combustion rate, lb. of oil burned per hr. 
H 
T; 
T, = temperature of air at furnace bonnet, deg. F. 


calorific value of oil, B.t.u. per lb. 


temperature of air at inlet to furnace, deg. F. 


10. Intermittent Operation of Burner and Fan.—The tests made 
under service conditions differed from the tests made under continuous 
operation in that the operation of the burner and fan was automati- 
cally controlled to maintain an average temperature of 72 deg. F. in all 
the rooms of the house, rather than to maintain a constant capacity 
at the furnace bonnet. Therefore, in these tests the operation of the 
burner and fan was intermittent rather than continuous, and the test 
periods were 24 hrs. in length instead of 2 hrs. 

Observations of fuel consumption, flue gas analyses, electrical input 
to fan motor and burner motor, flue gas temperatures, temperatures of 
air in the ducts and at the registers, and room temperatures were 
made daily at 7:00 a.m., 11:00 a.m., 4:00 p.m., and 10:00 p.m. The 
total times of operation of the fan and of the burner for a 24-hr. 
period were obtained by means of self-starting electric clocks placed 
in the electrical circuits of the motors. In addition, continuous records 
of temperatures and CO, were obtained for each 24-hr. period. 

For the tests made under service conditions, a draft not to exceed 
0.02 in. of water was maintained in the combustion chamber by means 
of an automatic balanced draft damper located in the cleanout of the 
chimney directly below the smoke-pipe opening. For most of the 
tests the air entering the balanced draft damper was taken directly 
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from the basement at a temperature of approximately 65 deg. F. A 
few tests were made with a duct connecting the balanced draft damper 
to an adjoining unheated space which communicated with the outdoors. 
Under the latter conditions the air entering the balanced draft damper 
was taken from outdoors and was substantially lower in temperature 
than 65 deg. F. 


11. Reduction of House Temperature at Night.—For the tests made 
to determine the operating characteristics of the heating system when 
the house temperatures were reduced at night, the setting of the room 
thermostat was reduced at 10:00 p.m. from 72 deg. F. to 60 deg. F. 
and increased at 4:30 a.m. to the normal daytime setting. Two series 
of tests were run with different rates of oil input, and in each case the 
results were compared with those obtained with identical rates of 
oil input when constant temperatures were maintained in the house, 
day and night. 


12. Room Temperature Variations and Differentials—For the 
study of variation in room air temperatures during the on periods and 
off periods of the circulating fan, special observations were made of 
the air temperatures in the four corners of the living room by means 
of thermometers placed 4 in. above the floor and 60 in. above the floor, 
designated as the breathing level, at a distance of approximately 32 in. 
from the adjacent walls. Thermocouples were also located in the 
middle of the living room at elevations of 4 in. above the floor, 60 in. 
above the floor, and 4 in. below the ceiling. These thermocouples were 
used to obtain records of the variations in air temperatures at each 
of the three levels in this room, and were found to be more sensitive to 
slight changes in temperature than glass thermometers placed ad- 
jacent to them. 

For the study of the temperature differences, between the 60-in. 
level and the floor and between the ceiling and the 60-in. level, re- 
sulting from the use of the deflecting type registers, the average 
temperatures in all of the rooms at each of these levels were obtained 
for each day, over a wide range of weather conditions. In addition, 
the velocity of the air flow into each of the rooms, before and after the 
registers were changed, was studied by means of anemometers and 
smoke in order to determine the shape and location of the envelope 
of the air stream, and the distribution of the air in the room. 


13. Single-Speed and Two-Speed Fans—In the tests made with a 
single-speed fan (series 2-36), the speed of the fan was adjusted by 
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means of a variable-diameter pulley so that the air delivery was main- 
tained at 1675 cu. ft. per min. In the tests made with the two-speed 
fan (series 1-36), the same high speed was retained so that an air de- 
livery of 1675 cu. ft. per min. was maintained, and a low speed was 
selected such that an air delivery of 1000 cu. ft. per min. was obtained. 
In this particular installation it was not possible to obtain a lower fan 
speed and hence a lower air delivery. It is of interest to note that the 
air delivery at low speed, amounting to 1000 cu. ft. per min., or ap- 
proximately 60 per cent of the delivery at high speed, was materially 
higher than the normal air deliveries obtained with the gravity warm- 
air furnace in the Research Residence. In the latter installation, air 
deliveries ranging from approximately 500 to 800 cu. ft. per min. were 
reported in Engineering Experiment Station Bulletin No. 189. 

Either periodic or continuous records were made of all significant 
temperatures in the rooms and in the duct system. In addition to the 
temperature records, complete data were obtained for each 24-hour test 
period on the fuel consumption, the total operating times for the fan 
and for the burner, the total electrical energy consumption of the fan 
and of the burner, and the total number of both the off periods and 
the on periods of the circulating fan. 


TV. Resuuts or TESTS wITH CONTINUOUS OPERATION 
oF BURNER AND FAN 


(Series 2-34) 


14. Factors Affecting Capacity and Efficiency—No attempt was 
made to determine virtual capacities or efficiencies of the plant with 
intermittent operation of the fan. Average temperatures and air 
weights would be meaningless unless the various readings were 
weighted in some way proportional to the length of “on” and “off” 
periods. Periods during which temperatures were increasing or de- 
creasing while air weights remained constant complicated the situation, 
and made it impossible to determine any proportionality factor based 
on time. Furthermore, all quantities were not involved to the first 
power alone, and the average of a number of instantaneous results 
involving multiplication, division, addition, and subtraction indis- 
criminately is not numerically equal to the result obtained by the 
same form of calculation applied to the averages of the several factors, 
particularly when these factors are varying from zero to a maximum. 
Hence the actual efficiency and capacity of the furnace on intermittent 
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TABLE 3 
Facrors AFFECTING CAPACITY AND EFFICIENCY 
OS eee eee eee 


_—— sd 


I. Combustion Characteristics 


(1) Type of burner 

(2) Rate of oil input 

(3) Percentage of CO: in flue gas 

(4) Amount of draft in combustion chamber 


nn ee EEE EEE EERE 


II. Furnace Characteristics 


(5) Amount and location of heating surfaces 
(6) Size and shape of combustion space 
(7) Quantity of air circulated 


fan operation are indeterminate, and a statement of such quantities 
based on arbitrary approximations would be meaningless. The per- 
formance of the plant was therefore studied under conditions of con- 
tinuous fan operation. 

In the case of a gravity warm-air furnace, in which a unique rela- 
tionship exists between the combustion rate, the volume of air circu- 
lated, and the register air temperature, the capacity will have a single 
definite value for any given furnace installation if the combustion rate 
alone is specified. However, in the case of a forced-air furnace system, 
no such definite relationship exists between combustion rate and 
volume of air circulated, and as a consequence the capacity is de- 
pendent on other factors in addition to the combustion rate. The 
studies of performance characteristics under conditions of continuous 
operation were, therefore, undertaken to obtain the relationships ex- 
isting among some of the factors that determine the capacity of oil- 
burning furnaces. In general, the capacity and efficiency of oil-burn- 
ing furnaces used in a forced-air system are dependent upon seven 
factors, which may be grouped into two classifications, as shown in 
Table 3. 

It may be noted from Table 3 that for any given installation of 
burner and furnace, items 1, 5, and 6 are fixed, and items 2, 3, 4, and 
7 are independently variable. In all of the tests under discussion, the 
draft in the combustion chamber (item 4) was maintained by means 
of an automatic draft regulating damper at a value of 0.02 in. of 
water, which was sufficient to insure the positive removal of the flue 
gases, and in these studies on furnace performance the rate of oil input, 


the percentage of CO, in the flue gas, and the quantity of air circulated 
were independently varied in magnitude. 
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15. Variations in Quantity of Air Circulated—tThe results obtained 
from the conversion unit are shown in Fig. 5. For these tests, the CO, 
in the flue gas was maintained constant at a value of 9.5 per cent, and 
the effect of varying the quantity of air circulated over the heating sur- 
faces of the furnace was studied. The results shown are typical, and 
probably are similar in nature to those obtained from tests on the 
oil-burning furnace installation made under comparable conditions 
of operation. The full lines in Fig. 5 represent results obtained with 
constant rates of oil input to the furnace. It may be observed that 
for a given rate of oil input, both the capacity and efficiency of the 
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furnace increased as the quantity of air circulated over the heating 
surfaces was increased. For example, at a 9.66 Ib. per hr. oil input rate, 
the capacity was increased from 120 000 B-t.u. per hr. to 140 000 
B.t.u. per hr. when the air quantity was increased from approximately 
1380 cu. ft. per min. to 2240 cu. ft. per min. This represented an in- 
crease in capacity of approximately 17 per cent for an increase in air 
quantity of approximately 62 per cent. The corresponding increase in 
bonnet efficiency under these conditions was from 63 per cent to 74 
per cent. 

It may also be noted from Fig. 5 that, at an oil input of 9.66 lb. per 
hr., the increase in capacity for a given increase in air quantity 
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became smaller as the air quantity was increased. For example, an 
increase in air quantity from 1400 to 1600 cu. ft. per min. resulted 
in an increase in capacity of 6500 B.t.u. per hr.; whereas an increase 
in air quantity from 2000 to 2200 cu. ft. per min. resulted in an increase 
in capacity of only 3000 B.t.u. per hr. It is apparent from these tests 
that in order to facilitate the transfer of heat from the heated surfaces 
to the circulating air, an adequate circulation of air over the heating 


surfaces should be provided. 


16. Variations in Oil Input Rate—The performance curves in 
Fig. 5 show also that, for a constant quantity of air circulated, the 
capacity and efficiency of the furnace are dependent upon the rate of 
oil input to the burner. In order to show more clearly the relationship 
between oil input and capacity, the values for an air quantity of 1675 
cu. ft. per min. shown in Fig. 5 have been plotted in Fig. 6. Similar 
curves for the oil-burning unit are also given. The broken lines repre- 
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sent results obtained with the conversion unit, and the full lines repre- 
sent results obtained with the oil-burning furnace. 

It may be noted for both furnace units that the capacity at the 
bonnet increased as the rate of oil input, represented by the equivalent 
rate of heat release in the furnace, was increased. In the case of the 
conversion unit, an increase in the heat release of from 120 000 B.t.u. 
per hr. to 240 000 B.t.u. per hr., or a difference of 120 000 B.t.u. per hr., 
was accompanied by an increase in capacity of from 87 500 B.t.u. per 
hr. to 155 500 B.t.u. per hr., or a difference of 68 000 B.t.u. per hr. 

In any given furnace installation, in which a constant value of 
CO. was being maintained, an increase in the amount of heat release 
in the furnace resulted in higher temperatures of the flue gas, and hence 
in larger flue gas losses per pound of fuel. This condition is reflected 
in the efficiency curves of Fig. 6, from which it may be observed that 
the furnace efficiency decreased as the rate of heat release was in- 


creased. The tests made with intermittent operation under actual — 


service conditions, which are discussed in Chapter V, also tended to 
confirm the conclusion that the most economical utilization of fuel 
in a given installation would be obtained with low rates of heat release 
in the furnace. 

A comparison of the results from the conversion unit and oil- 
burning furnace, as shown in Fig. 6, indicated that, for a given rate of 
heat release in the furnace, the greater amount of heating surface of 
the oil-burning unit resulted in a greater amount of heat being trans- 
mitted from the furnace gases and absorbed by the air circulated. This 
conclusion was also confirmed by the tests made under actual service 
conditions. 

The efficiency curves in Fig. 6 also show that for a furnace having 
a given amount of heating surface the rate of oil input, or heat release, 
giving maximum efficiency occurred at a value too low to be used as a 
practical basis for the design of oil-burning furnaces. 


17. Variations in CO, in Flue Gas—The performance curves in 
Fig. 7 indicate that for a constant quantity of air circulated andia 
fixed rate of oil input to the furnace, the capacity and efficiency of 
the heating unit were also affected by the combustion characteristics, 
as represented by the percentage of CO, in the flue gas. Adjustments in 
the fuel-air ratio were made by means of the adjustable opening in 
the air inlet to the burner, and variations in the CO, content in the 
flue gas from 54% per cent to 1114 per cent could be obtained. In no 
case was there any indication of incomplete combustion of the fuel. 
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The increase in capacity and efficiency brought about by an in- 
crease in the CO, content in the flue gas was not very marked. For 
example, the efficiency curves for the 12.84 lb. per hr. oil input rate 
indicate that the efficiency was increased from 61 per cent to 67.5 
per cent when the percentage of CO, in the flue gas was changed from 
6 per cent to 12 per cent. In other words, for each increase of one 
per cent in the CO, content, there was obtained an increase in bonnet 
efficiency of approximately one per cent. 

However, it should be recognized that these results were obtained 
with a furnace in which the temperature of the flue gas at the outlet 
of the radiator was comparatively low, not exceeding approximately 
500 deg. F. In the case of furnaces which are not provided with suf- 
ficient effective heating surface, and which are fired at such a high rate 
of oil input that the temperature of the flue gas at the outlet exceeds 
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approximately 500 deg. F., any increase in the CO, content of the flue 
gas will be accompanied by much greater increases in furnace efficiency. 

The stack-loss curves shown in Fig. 8* serve to explain these con- 
ditions. For instance, with low values of the flue gas temperature, the 
relative change in the stack loss will be small, even for fairly large 
changes in the CO, content of the flue gas. That is, if oil-burning 
furnaces are provided with sufficient effective heating surface for a 
given rate of oil input, so that the leaving flue gas temperature will be 
low, then the unit may be expected to perform satisfactorily under 
diverse conditions of installation in the field, even with fairly wide 
deviations in the adjustment of the fuel-air ratio of the oil burner. 

The tests which were made under conditions of continuous opera- 
tion indicated that considerable differences in the capacity of oil- 
burning furnaces may be expected with variations in operating con- 
ditions. However, since capacity alone is not an index of performance 
under intermittent service, and since these tests were based on the 
maintenance of equilibrium conditions, which are seldom met with in 
actual service conditions, they were supplemented with tests made 
with intermittent operation under conditions of actual service. 


18. Conclusions —The following conclusions may be drawn as ap- 
plying to the Research Residence and the conditions under which 
the tests were conducted: 
(1) The capacity and efficiency of oil-burning, warm-air furnaces 
are dependent upon seven factors: 
(a) Type of burner, 

(b) Rate of oil input, 

(c) Percentage of COs, in flue gas, 
(d) Amount of draft in combustion chamber, 
(e) Amount and location of heating surfaces, 
({) Size and shape of combustion space, 
(¢) Quantity of air circulated. 

(2) With a constant percentage of CO, in the flue gas, and a con- 
stant rate of oil input, the efficiency and capacity of furnaces using oil 


as a fuel was increased when the quantity of air circulated was 
increased. 


(3) With a constant quantity of air circulated, and a fixed rate of 
oil input, the capacity and efficiency of the unit were not materially 
increased when the CO, content in the flue gas was increased from 9.5 
per cent to 11.5 per cent. 


*The derivation of these curves is given in Appendix A. 
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(4) If furnaces using oil as a fuel are provided with sufficient 
effective heating surface for a given rate of oil input, so that the 
temperature of the leaving flue gases will be low, then the unit may be 
expected to perform satisfactorily under diverse conditions of instal- 
lation in the field, even with fairly wide deviations in the adjustment 
of the fuel-air ratio for the oil burner. 

(5) With a constant quantity of air circulated, and a given per- 
centage of CO, in the flue gas, the capacity increased and the efficiency 
decreased as the oil input, or equivalent heat release, was increased. 

(6) With a furnace having a given amount of heating surface, 
the rate of oil input giving maximum efficiency occurred at a value 
too low to be used as a practical basis for the design of oil-burning 
furnaces. 


V. Resuuts or TEsTs witH INTERMITTENT OPERATION 
UNDER SERVICE CONDITIONS 


(Series 1-34, 3-34, 4-34, 5-34, 1-35, and 3-35) 


19. General Statement.—It is evident from the discussion in Chap- 
ter IV that the results obtained from oil-burning furnaces which are 
intermittently operated under service conditions should be dependent 
to a great extent upon the values which are maintained for the CO, 
content in the flue gas, upon the oil input rate, and upon the quantity 
of air circulated. In the case of the air quantity, in order to maintain 
conditions comparable with those for previous tests made with an- 
thracite, the speed of the fan was adjusted so that approximately 
1675 cu. ft. per min. delivery was obtained during the on period of the 
fan. During the off period of the fan a slight “gravity” action took 
place, and a greatly decreased air quantity was circulated. With the 
exception of the series of tests for which the CO, content in the flue 
gas was maintained at 11.5 per cent, all of the tests were made with 
the CO, maintained at 9.5 per cent. For one series of tests the rate of 
oil input to the furnace was varied from a minimum value of 7.3 Ib. 
per hr. to a maximum value of 13.0 Ib. per hr. However, for those 
tests which were made to study the comparative performance of the 
conversion unit and the oil-burning furnace, the rate of oil input was 
maintained at 13.0 lb. per hr. 

The automatic controls used in these tests have been described in 
Section 6, and the test procedure in Section 10. Typical records of 
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temperatures and CO, obtained from a 24-hr. test period with inter- 
mittent operation of the fan and burner are shown in Fig. 9. 


20. Variation in Rate of Oil Input (Series 1-34, 3-34, 4-34 and 
5-34) —Four series of tests were conducted with oil input rates rang- 
ing from a minimum of 7.3 lb. per hr. to a maximum of 13.0 lb. per hr. 
The heat supplied by the furnace when the burner was adjusted to 
maintain a 7.3 lb. oil rate was not quite sufficient to offset the heat 
loss from the house during zero-degree weather, but was sufficient to 
supply the heat required during average weather conditions. The heat 
supplied by the furnace when the 13.0 lb. rate was maintained was 
adequate to heat the house during the most severe weather conditions. 

The weight of fuel oil required for a 24-hr. period to maintain the 
temperature of the house at 72 deg. F. was plotted against the 
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difference in temperature between indoors and outdoors, as shown in 
Fig. 10. The curves presented in Fig. 10a are for two rates of oil 
input, 7.3 lb. and 9.6 lb. per hr.; while the curves presented in Fig. 10b 
are for rates of 9.5 lb. and 13.0 lb. per hr. 

Although some of the points representing the daily test results 
deviate somewhat from the average curve drawn through the points, 
because of the influences of wind and sun which cannot be shown on a 
curve in which the abscissa is the temperature difference alone, the 
curves represent the general trend of the points with a reasonable 
degree of accuracy. The curves show that when a constant value of 
CO, in the flue gas was maintained, the fuel consumption increased as 
the rate of oil input was increased. It may be observed from Fig. 10b 
that the fuel requirements were 89 lb. and 95 lb. for oil input rates 
of 9.5 lb. per hr. and 13.0 lb. per hr., respectively, on a day for which 
the difference in temperature between the indoors and the outdoors 
was 34 deg. F. The increase in this case was of the order of 7 per cent. 
This indicates that the operation of the burner for relatively short 
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periods, during which a high rate of combustion was maintained, was 
not as conducive to fuel economy as the operation of the burner for 
longer periods, during which a lower rate of combustion was main- 
tained. In the former case the flue gas losses during the periods of 
burner operation, and also the losses due to the heat carried up the 
chimney during the off periods of the burner, were greater than in 
the latter case on account of the higher temperatures of the flue gas. 
Some modification of these conclusions is necessary, however, in the 
case of burners so constructed that more complete combustion may 
be obtained with high rates of oil input than with low rates. 

The changes in the rate of oil input to the furnace were also 
reflected in the operation of the fan and burner units in the forced- 

air heating system, as shown by the data in Fig. 11. The top set of 
curves in Fig. 11 shows, for the same series of tests for which results 
were shown in Fig. 10, the frequency of burner operation as repre- 
sented by the number of cycles per 24 hrs. For a given rate of oil 
input it may be noted that in mild weather the frequency of opera- 
tion of the burner increased as the temperature difference between in- 
doors and outdoors increased. For larger values of temperature dif- 
ferences the burner continued in operation for longer periods, and 
the frequency of the operating periods decreased. Finally, when the 
outdoor weather conditions were such that the heat developed in the 
furnace was just sufficient to offset the heat loss from the house, the 
burner operated continuously and the number of cycles per 24 hrs. 
became unity. 

The increase in the total time of operation of the burner was prac- 
tically proportional to the increase in temperature difference between 
indoors and outdoors as shown by the curves in Fig. 11. Also, for a 
given outdoor temperature, an increase in the rate of oil input was 
accompanied by a decrease in the total time of burner operation. 
Furthermore, the decrease in the total time of burner operation was 
in turn accompanied by a decrease in the electrical input to the burner 
motor, as shown by the corresponding curves. It may be observed 
from Fig. 11b that the substitution of a more efficient motor on the 
burner unit resulted in more economical use of electric current. It 
is also apparent that the electrical input to the burner motor, which in- 
eluded the energy required for the ignition spark, was sufficiently large 
to be considered as an important item in determining the overall cost 
of operation of the heating plant. 

With the method of thermostatic control used in these tests, the 
times at which the fan operated practically coincided with the times 
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Fig. 11. PerrorMANcE Data ror BURNER AND FAN IN ConversION UNIT 


at which the burner operated, or the frequency of operation was nearly 
the same for both fan and burner. The total time of fan operation was 
in most cases slightly greater than the total time of burner operation, 
but the differences were so small that for all practical purposes the 
data presented in Fig. 11 apply equally well to the fan and the burner. 
The electrical input to the fan motor, as shown by the bottom set of 
curves in Fig. 11 was smaller for the higher rates of oil input. 

A comparison of total operating costs for an “average” heating 
day is of interest. For Urbana, Illinois, the average outdoor tempera- 
ture during the heating season is 38 deg. F. Hence, for an indoor 
temperature of 72 deg. F., the value of the average temperature 
difference between indoors and outdoors is 34 deg. F. The comparisons 
based on this temperature difference may be regarded as indicative 
of the results to be secured from the entire heating season. For a day 
in which the indoor-outdoor temperature difference was 34 deg. F., 
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the combined electrical inputs to the fan motor and burner motor were 
4.5 kw-hrs. and 3.7 kw-hrs. for oil input rates of 9.5 lb. and 13.0 Ib. 
per hr., respectively. That is, the increase in fuel oil consumption, 
shown in Fig. 10, and amounting to 6 lb. of oil per 24 hrs., which ac- 
companied the use of the higher rate of oil input to the furnace, was 
partly offset by a decrease in electrical input amounting to 0.8 kw-hrs. 
Based on unit costs of 7 cents per gallon for fuel oil and of 3.1 cents 
per kw-hr. for electrical energy, the increase in fuel cost amounting 
to 5.7 cents per day, and the decrease in electrical cost amounting to 2.5 
cents per day resulted in a net increase in cost of 3.2 cents per day. 
For conditions under which the unit electrical cost is much higher than 
3.1 cents per kw-hr., the net increase in cost might become negligible. 

It is apparent from this study that seasonal operating costs of an 
oil-fired, forced-air heating system based only on the cost of fuel may 
be misleading, and that the total cost of operation, which includes 
electrical costs, should be considered. In most installations the mini- 
mum attainable capacity of the burner and the desirability of main- 
taining ample reserve capacity for sudden load demands, make it 
necessary to provide a rate of oil input that is somewhat in excess of 
the maximum heating demands. However, it may be concluded from 
these tests that from the standpoint of total operating cost the most 
economical operation would be obtained with the use of the minimum 
rate of oil input that is feasible for the installation. 


21. Comparison of Conversion and Oil-Burning Units (Series 5-34, 
1-35 and 3-35) —The tests which were made to determine the com- 
parative performance characteristics of the conversion unit (Fig. 1) 
and the oil-burning furnace (Fig. 2) under actual service conditions 
were conducted under identical conditions of operation. The results 
obtained for an oil input rate of 13.0 lb. per hr. with the conversion 
unit were presented in Figs. 10b and 11b, and the curves have been 
transferred to Figs. 12 and 13 for purposes of comparison with the 
results obtained with the oil-burning furnace. The curves representing 
the results for the latter furnace are shown as full lines. These curves 
indicate that for a day in which the indoor-outdoor temperature 
difference was 34 deg. F. the fuel requirements were 95 lb. for the 
conversion unit and 83.5 lb. for the oil-burning furnace. Thus the fuel 
requirements for an average day were approximately 14 per cent 
greater for the conversion unit than they were for the oil-burning 
furnace. For an indoor-outdoor temperature difference of 55 deg. F. 
the difference was greater and amounted to approximately 19 per cent. 
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Fig. 12. Furst CoNSUMPTION FOR CONVERSION UNIT AND O11-BURNING FURNACE 


Slight differences in operating characteristics were also obtained, 
as are shown by the curves in Fig. 13, for burner cycles, burner opera- 
tion, burner motor input, and fan motor input. Very little difference 
may be observed in the number of cycles of burner operation per day 
for the two installations. However, both the number of hours of burner 
operation and the electrical input to the burner motor were greater for 
the conversion unit than for the oil-burning furnace. This could be ac- 
counted for by the fact that although the rate of oil input was the same 
in the two installations, the total fuel consumption was greater for the 
conversion unit than for the oil-burning furnace and hence the hours 


of burner operation were also greater. 
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Although the total time of fan operation per day was approximately 
12 per cent less for the oil-burning furnace than for the conversion unit, 
the total electrical input to the fan was approximately 8 per cent 
greater. This difference resulted from the fact that, due to the greater 
resistance to air flow in the case of the oil-burning furnace, and also 
to slight differences in motor characteristics, the rate of electrical 
input to the fan motor for the oil-burning furnace was approximately 
25 per cent greater than that to the fan motor for the conversion unit. 

For a day in which the temperature difference between indoors and 
outdoors was 34 deg. F., the combined electrical inputs to the fan and 
burner motors were 3.2 kw-hrs. for the conversion unit and 3.0 kw-hrs. 
for the oil-burning furnace, or a net difference of 0.2 kw-hrs. per day. 
The difference was greater for days having greater heat demand. The 
operation of the oil-burning furnace resulted, therefore, in a net reduc- 
tion in fuel oil of 11.5 lb. and a net reduction in electrical input of 
0.2 kw-hrs. per day. Based on unit costs of 7 cents per gallon for 
fuel oil and 3.1 cents per kw-hr. for electrical energy, these reductions 
were equivalent to 10.9 cents per day for fuel and 0.6 cents per day 
for electrical energy, or a total of 11.5 cents per day. For an average 
heating season consisting of 210 days this is equivalent to a difference 
in net operating costs of approximately $24. It may be concluded from 
these tests that, under identical conditions of operation, the greatest 
economy was secured with the furnace which was equipped with ample 
heating surface and which was designed specifically for oil burning. 


22. Variations in CO. in Flue Gas (Series 1-35 and 3-35).—In 
order to determine the operating characteristics of the oil-burning 
furnace when the fuel was burned under the best attainable combus- 
tion conditions, the air inlet to the burner was adjusted until a value of 
11.5 per cent CO, in the flue gas was obtained. It was not possible to 
increase the CO. content much beyond this value without obtaining 
some indication of unburned combustibles. Otherwise, the operating 
conditions were maintained the same as in the previous tests, namely, 
with 1675 cu. ft. per min. of air circulated, 13.0 lb. per hr. oil rate, and 
0.02 in. draft in the combustion chamber. The results obtained from 
this test are shown in Figs. 12 and 13. In general, no appreciable 
| difference, either in fuel consumption or plant operation, was obtained 
when the CO, content in the flue gas was increased from 9.5 per cent 
to 11.5 per cent. However, when the heat demands of the house were 
large, there was a slight tendency towards an improvement in condi- 
tions with the higher CO. content. These results are in substantial 


A 
S 


a) 


& 


ILLINOIS ENGINEERING EXPERIMENT STATION 


Conversiora Unit 
ON-burring Furtiace 
Avrithracitfe 
— Calculated Heat Loss 
-Actud! Heat Loss, (Based 
on 90% of Aritthiracite) 


N ~N 
aN 
O 


Heat lryow? to Furrace lta hillieras of Br. per &4 Hours 
\ 
S 


Tie 


90 


Over-al/ 
House EFF iclerzcy 
& 
S 


Calctlated frora Flue 


()- 5-34; (2)-1-35,, 3-35 


0 


<0 


Fig. 14. Heat Inpurs anp Overatt House EFFICIENCY 


40 


5O 


60 


oO 30 
/ndoor-Ovideor Temperature Differerice (7 deg. F. 


70 


80 


OIL-FIRED FORCED-AIR FURNACE SYSTEMS 39 


agreement with those obtained “from the tests made under conditions of 
continuous operation, as shown in Fig. 7. For example, with an oil 
input rate of 12.84 lb. per hr., the increase in bonnet efficiency was 
approximately 1.5 per cent when the CO, content was increased from 
9.5 per cent to 11.5 per cent. For all practical purposes the results 
obtained with the two conditions of combustion may be regarded as 
identical. 

These results serve to emphasize the statement made in Section 17 
that an oil-burning furnace which is provided with sufficient effective 
heating surface should perform satisfactorily notwithstanding fairly 
wide deviations in the CO, content of the flue gas. 


23. Overall House Efficiency—tIn order to compare the fuel con- 
sumptions obtained with oil and with anthracite, the fuel quantities 
shown in Fig. 12 were expressed in terms of heat input to the furnace, 
in millions of B.t.u. per 24 hours, and were plotted as shown in Fig. 
14. The results for the conversion unit (curve No. 1) and for the oil- 
burning furnace (curve No. 2) were obtained with an oil input rate of 
13.0 lb. per hr., a CO, content of 9.5 per cent, and an air circulation of 
1675 cu. ft. per min. These tests were conducted under conditions of 
intermittent operation of the fan and oil burner, whereas the tests on 
the hand-fired coal furnace (curve No. 3) were conducted under condi- 
tions of continuous combustion, such that the automatic controls 
varied the combustion rate so that it approximately corresponded with 
the heating demands of the house. In all three cases the operation of 
the heating plant was controlled by means of sensitive thermostatic 
controls. 

From analyses of the flue gases when anthracite was used as a fuel, 
the heat lost in the gases escaping from the chimney, which represented 
heat furnished by the fuel that was not ultimately available for 
heating the house, was determined as approximately 10 per cent of the 
total heat input to the furnace. The actual heat loss from the house 
(curve No. 4) was then derived from the experimental results for heat 
input obtained with anthracite as a fuel (curve No. 3). By using these 
derived values of the actual heat loss from the house in connection with 
the fuel consumption curves for oil, the overall house efficiency could 
be calculated for the cases in which oil was used as a fuel in the 
conversion unit and in the oil-burning furnace. The curves represent- 
ing overall house efficiency are shown in the lower part of Fig. 14. The 
values of overall house efficiency determined indirectly in this manner 
for the oil-burning furnace agreed reasonably well with the calculated 
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values of overall house efficiency determined directly from an analysis 
of the flue gas losses during the periods of burner operation. 

For the same indoor-outdoor temperature difference, the values of 
the heat input were less, and the values of the overall house efficiency 
were greater for anthracite than for oil. The most obvious explanation 
for this difference is that the combustion efficiency in the case of oil 
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was considerably less than that for anthracite. This most obvious 
explanation, however, was not satisfactory, since there was no reason 
to believe either that a material difference existed in the combustion 
efficiency, or that the flue gas losses were greater in the one case than 
in the other. In order to make an independent analysis of the factors 
affecting the utilization of heat by the furnace, the weight of the 
products of combustion, and the flue gas losses were calculated from 
the flue gas analyses and the temperatures of the flue gas, observations 
of which were made under conditions of continuous operation of the 
burner and fan. These results are shown in Fig. 15 plotted against the 
heat input to the furnace. 

The flue loss for any fuel may be considered as a composite value 
which is dependent on both the temperature and the weight of the 
flue gas. A comparison of the curves representing flue gas temperature 
in Fig. 15 shows that the flue gas temperatures were lower for oil, when 
it was burned in the oil-burning furnace, than for anthracite. This 
indicates that the flue gas temperature alone is not a reliable index of 
combustion efficiency when comparing different fuels. The products of 
combustion may be considered as being composed of dry gas and water 
vapor. The curves in Fig. 15 indicate that the weight of the dry gas 
was approximately the same for oil and for anthracite, but that the 
weight of water vapor was greater for oil than for anthracite, prin- 
cipally on account of the greater percentage of hydrogen in the former 
fuel. 

The combined effect of the flue gas temperature and the weight of 
flue gas determined the flue gas loss for various rates of heat input 
to the furnace. In this connection it may be observed that it would be 
possible to still further reduce the flue gas temperatures by the addi- 
tion of effective heating surface to the furnace. This would result in a 
smaller flue gas loss for all combustion rates, and hence in an increased 
efficiency. As indicated by the top set of curves in Fig. 15, the flue gas 
loss for a given value of heat input was approximately the same for 
oil used in the oil-burning furnace and for anthracite. In other words, 
the combustion efficiencies in the two cases were approximately the 
same. Hence, some explanation involving factors in addition to com- 
bustion efficiency must be sought to account for the differences obtained 
in the heat input for a given difference in temperature between indoors 
and outdoors. 

In the case of anthracite, the automatic control varied the rate of 
combustion so that it approximately corresponded with the heating 
demands of the house; namely, with the difference in temperature 
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between indoors and outdoors. Hence the combustion efficiency, as 
determined by the rate of combustion, and therefore the heat input 
to. the furnace, would be directly reflected in the curves of heat input 
to the house, Fig. 14, which are based on the temperature difference 
between indoors and outdoors. 

However, in the case of oil, the rate of oil input, or the hourly heat 
release, was constant for all weather conditions, and control was 
obtained by adjustments in the length of time that the burner was 
allowed to operate. Therefore, the combustion efficiency would be 
dependent on this rate of heat release and not on the temperature 
difference between indoors and outdoors. Furthermore, the net flue gas 
loss for a 24-hr. period, during which the burner was operated inter- 
mittently, would be determined not only by the combustion efficiency 
but also by the total length of time during which the burner was 
actually in operation. The oil burner was so adjusted that the hourly 
heat release was somewhat greater than the hourly heat loss from the 
house based on the maximum demand. The hourly heat release in the 
case of anthracite, however, was just sufficient to offset the hourly heat 
loss from the house. Hence, even on the day requiring maximum 
demand, the hourly heat release in the case of the oil-burning furnace 
was greater than that for anthracite, and the curves in Fig. 15 show 
that although the combustion efficiencies for the oil-burning furnace 
and the anthracite were the same at the same heat release, during the 
actual periods of operation the flue gas loss was greater and therefore 
the combustion efficiency was less for the oil-burning furnace than it 
was for the furnace burning anthracite. Since the rate of oil input 
remained the same for all weather conditions, it is therefore evident 
that the oil-burning furnace always operated at less combustion effi- 
ciency than the furnace burning anthracite during the periods of actual 
operation. The net flue gas loss during a 24-hr. period would be 
determined by the product of the hourly flue gas loss during the actual 
operating period and the total hours of burner operation during the 
day. The calculated values of net flue gas loss shown in Fig. 16 were 
derived from the data presented in Fig. 15, and are consistent with 
the experimental data for the heat inputs shown in Fig. 14 in that the 
curves representing higher flue gas losses in Fig. 16 correspond in 
position with those representing the higher heat inputs in Fig. 14. It 
is the total amount of the net flue gas loss over a given period of 
time, rather than the combustion efficiency alone, that determines the 
relative position of the curves of heat input shown in Fig. 14. 

This analysis of the factors affecting the net flue gas loss indicates 
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that in order to secure minimum flue gas losses from an oil burner, the 
flue gas temperatures and the weight of the products of combustion 
should be maintained at a minimum value. This condition can be 
most nearly approached by adjusting the rate of oil input so that the 
heat release just offsets the heat loss from the house in the most severe 
weather. This analysis also suggests that if the rate of combustion in 
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TABLE 4 
RELATIVE Fur, Costs* ror AN AVERAGE Huatine Day 


a 
aT 


Anthracite-Burning Oil-Burning Furnace with Oil 
Furnace Furnace Conversion Unit 
Np G2CORE OL .LUCL,. eee derctine Vievaleisiass sven $16.50 per ton 7 cents per gal. 7 cents per gal. 
lorifi LUGS Gia. ts tae, cialane fois toreintstalaes 13 200 B.t.u. 144 200 B.t.u. 144 200 B.t.u. 
nein aos per lb. per gal. (19 500 per gal. (19 500 
B.t.u. per Ib.) B.t.u. per Ib.) 
Cost per therm,f in cents............ 6.25 4.85 4.85 
Heat input for 34 deg. F. temp. diff. 
Pera hres ete odessa netrsts 1 510 000 B.t.u. 1 650 000 B.t.u. 1 890 000 B.t.u. 
15.1 therms 16.5 therms 18.9 therms 
Fuel cost for average day, in dollars. . 0.94 0.80 0.92 


*Based on Fig. 14 and unit prices in Urbana, Illinois. 
One therm is equivalent to 100 000 B.t.u. 


the case of oil could be varied to conform at all times with the heating 
demands of the house, an overall house efficiency equal to that obtained 
with anthracite should be possible of attainment. Since the combus- 
tion efficiency is affected by the amount and location of the heating 
surfaces, the necessity of providing adequate and effective heating 
surface is apparent. 

A comparison of fuel costs, based on prices paid in Urbana, Lllinois, 
for an average heating day is of interest. From Fig. 14 for an indoor- 
outdoor temperature difference of 34 deg. F., the values of heat input 
per day were 1 890 000 B.t.u., 1 650 000 B.t.u., and 1 510 000 B.t.u. 
for the conversion unit, the oil-burning furnace, and anthracite furnace, 
respectively. Based on unit fuel costs of 7.0 cents per gallon for oil 
having a calorific value of 144 200 B.t.u. per gallon, the cost per therm 
is 4.85 cents. For anthracite costing $16.50 per ton, having a calorific 
value of 13 200 B.t.u. per lb., the cost per therm is 6.25 cents. The 
daily fuel costs based on these unit costs are given in Table 4. 

The costs of fuel alone for the Research Residence for an average 
heating day were 80 cents, 92 cents, and 94 cents for the oil-burning , 
furnace, the oil conversion unit, and the furnace burning anthracite, 
respectively. These cost comparisons, of course, are valid only for the 
unit cost of fuels listed in the table, and apply to prices paid in Urbana, 
Illinois. 


24. Conclusions —The following conclusions may be drawn as ap- 
plying to the Research Residence and conditions under which the tests 
were conducted: 


(1) Under normal service conditions, the operation of the burner 
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for relatively short periods, during which a high rate of combustion 
was maintained, was not as advantageous from the standpoint of fuel 
economy as the operation of the burner for longer periods, during 
which a lower rate of combustion was maintained. 

(2) Seasonal operating costs of an oil-fired, forced-air heating 
system based only on the cost of fuel may be misleading, since the 
total cost of operation, including the electrical costs, should be 
considered. 

(3) For an average heating day, or a day on which the indoor- 
outdoor temperature difference was 34 deg. F., the requirements of 
the oil-burning furnace as compared with the requirements of the 
conversion unit showed a net reduction in fuel oil of 11.5 Ib. per day, 
and a net reduction in electrical energy of 0.2 kw-hrs. per day. 

(4) For the same weather conditions, the heat inputs to the furnace 
were less, and the overall efficiencies were greater, for anthracite 
than for oil. 

The temperature of the flue gases alone is not a reliable index of 
combustion efficiency when comparing different fuels. The total amount 
of the net flue gas loss during a 24-hr. period, rather than the combus- 
tion efficiency alone, determines the magnitude of the heat input 
required to maintain house temperatures. 

(5) Based on unit costs of 7 cents per gallon for fuel oil and $16.50 
per ton for anthracite, the fuel costs alone for an average heating day, 
or a day in which the indoor-outdoor temperature difference was 34 
deg. F., were 80 cents, 92 cents, and 94 cents for the oil-burning 
furnace, the oil conversion unit, and the furnace burning anthracite, 


respectively. 


VI. Resuuts or Tests on AUTOMATIC Drarr REGULATOR 
(Series 4-34 and 3-34) 


25. Function of Draft Regulating Damper—tIn the case of an oil- 
fired furnace, unlike that of a hand-fired coal-burning furnace, the 
combustion rate is not dependent on the draft maintained over the 
fuel bed, and the draft required is only that necessary to carry the 
products of combustion away from the furnace. For residential in- 
stallations it is common practice to allow a maximum draft of from 
0.02 in. to 0.04 in. of water in the combustion chamber of an oil 
burner of the type which was installed in the Research Residence. In 
this connection the following quotation from the work of L. E. Seeley 
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is significant: “generally it appears that an increase in furnace or 
fire-pot draft increases the excess air, the flue temperature, the draft 
loss through the boiler, and decreases its efficiency.”* Furthermore, 
any draft in excess of 0.02 in. of water tends to draw air through the 
furnace during off periods of the burner, thus cooling the heating 
surfaces and resulting in a loss of heat up the chimney. 

The use of the common types of check dampers and cross dampers 
in the smokepipe alone is not entirely satisfactory, since they do not 
operate to maintain a constant draft in the smokepipe with the variable 
conditions resulting from fluctuations in the wind and temperature of 
the flue gases. In the Research Residence plant an automatic draft- 
regulating damper of the balanced louver type, 10 in. in diameter, was 
installed in the clean-out door of the chimney below the connection of 
the smokepipe from the furnace. This damper was installed so that 
air either from the basement or from outdoors entered the chimney 
without passing through the furnace, and it was adjusted so that a 
draft not exceeding 0.02 in. of water was maintained in the combustion 
chamber of the furnace during the operation of the burner. 


26. Operation with Air Supplied from Basement.—Judging from 
the velocity of the air entering the short section of the 10-in. pipe 
immediately ahead of the draft regulator, it was apparent that a con- 
siderable volume of air was drawn from the basement into the chimney 
through the action of the draft regulator. The volume of heated air 
leaving the basement and resulting in a loss of heat up the chimney 
varied considerably from minute to minute depending upon the magni- 
tude and direction of the wind, the outdoor temperature, and the rela- 
tive lengths of the on periods and off periods of the burner. The 
ventilating action of the draft regulator was similar to that of an 
ordinary ventilating stack 35 ft. in height, with 12 in. by 12 in. inside 
dimensions, and having a bottom inlet 10 in. in diameter. 

An anemometer traverse made at the inlet opening, on a day on 


which the outdoor temperature was approximately 45 deg. F., and the, 


oil rate was 7.5 lb. per hr., indicated that the average air velocity 
through the inlet was approximately 450 ft. per min. when the burner 
was in operation, and approximately 310 ft. per min. shortly after the 
burner ceased operation. With a barometric pressure of 29.70 in. of 
mercury and an inlet air temperature from the basement of 70.5 
deg. F., these velocities indicated air weights of approximately 1000 
lb. per hr. when the burner was on and 675 lb. per hr. shortly after the 


*“QOjil Burners and Boilers,’ by L. BE. Seeley. Mechani i i J 
os goed: Gee tees eley echanical Engineering, Vol. 57, No. 4, 


er. 
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burner was stopped. Calculations based on the assumption that the 
air was heated from 45 deg. F. to 70.5 deg. F. and that the burner 
operation was 9.2 hrs. during a 24-hour period, gave an estimated 
heat loss of approximately 117 700 B.t.u. for the 24-hour period. On 
this day the total oil consumption was 69.14 lb., equivalent to 
1 348 000 B.t.u. liberated in the furnace. The calculated percentage 
of heat loss due to the air passing up the chimney was therefore found 
to be approximately 8.7 per cent of the total heat liberated in the 
furnace for the day. These estimates, while admittedly based on 
assumption, were of such magnitude as to indicate the necessity for 


further investigation. 
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27. Operation with Air Supplied from Outdoors.—A series of tests 
at a 9.2 lb. per hr. oil rate was run over a wide range of outdoor 
weather conditions with the automatic draft regulator arranged to take 
the air supply from outdoors. The 10-in. inlet duct to the draft regu- 
lator was connected, by means of a housing, to an adjacent enclosed 
space which was open to the outdoors. Accordingly, no air was drawn 
from the basement, and the temperature of the air supply to the 
damper was substantially the same as that of the outdoor air. 

The weight of fuel oil required to maintain the temperature of the 
house at 72 deg. F., for a 24-hour period, with the air supplied from 
both the basement and outdoors, was plotted against the difference 
in temperature between the indoors and outdoors. As shown in Fig. 
17, the fuel consumption was approximately 5 per cent less when the 
plant was operated with the air supply to the draft regulator taken 
from the outdoors than it was when operated with the air supply taken 
from the basement. 

The difference between the actual saving of 5 per cent and the 
calculated saving of about 10 per cent can be accounted for by the 
fact that in the calculations all of the warm air going up the chimney 
was regarded as being replaced by cold air in excess of the normal 
infiltration into the house; whereas, it is probable that actually a por- 
tion of the basement air that was wasted up the chimney was replaced 
by air that entered the house in the form of normal infiltration. In the 
case of the Research Residence, in which very little outdoor air leaked 
directly into the basement, the heated air that was wasted up the 
chimney from the basement was replaced primarily by warm air from 
the first story rooms. In the case of installations in which the outdoor 
air can leak freely into the basement, the ventilation induced by the 
draft regulator would tend to cool the basement and not necessarily to 
increase the air movement from the first story rooms to the basement. 
In the latter case, if the draft regulator was arranged to take the air 
supply from outdoors, the temperature of the basement would be main- 


tained at a higher value and the heat transmission through the floor / 


of the first story into the basement would be decreased. 

The chimney in the Research Residence was of good, substantial 
construction, and was lined on the inside with a tile lining. Hence, the 
intensity of the draft created at the base of the chimney was probably 
greater than that ordinarily found in unlined and less substantially 
constructed chimneys. In installations in which the draft normally 
created by the chimney is comparatively small, the fuel saving that 
could be effected by the use of an outdoor air supply to the draft 


— —| ==" 
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regulator would probably be less than that obtained in the Research 
Residence. On the other hand, for installations which are located in 
regions of high wind intensity, the draft created by the chimney might 
be greater, and the saving effected by the use of an outdoor air supply 
to the draft regulator might be larger than that obtained in the 
Research Residence plant. 


28. Conclusion—The following conclusion may be drawn from 
the test data: 

(1) A fuel saving of approximately 5 per cent may be effected by 
supplying air from outdoors to an automatic draft regulator instead 
of supplying the air from the basement. 


VII. Repuctrion or Room TEMPERATURES AT NIGHT 
(Series 1a-34, 1-34, 3a-34, and 3-34) 


29. Operating Characteristics —Figure 18 shows a typical record of 
test observations for 24 hrs., during which the thermostat was set at 
60 deg. F. for a period of 6.5 hrs. and at 72 deg. F. for a period of 17.5 
hrs. At 10:00 p.m. the room thermostat was set at 60 deg. F., and at 
1:25 a.m. the room air had cooled to this temperature. The house was 
maintained at 60 deg. F. until 4:30 a.m., and at that time the room 
thermostat was set at the normal operating temperature of 72 deg. F. 
From this time the burner operated continuously until 8:52 a.m., and 
the room air temperature rose to 72 deg. F. During the remainder of 
the time until 10 p.m. the room air temperature was maintained at 72 
deg. F., accompanied by intermittent operation of the fan and burner. 
The conditions shown in Fig. 18 were not exactly duplicated each 
night, since the time required for the room air to cool from 72 deg. F. to 
60 deg. F. was dependent on the prevailing outdoor conditions. Fur- 
thermore, the time required for the temperature of the house to rise 
from 60 deg. F. to 72 deg. F. was dependent not only on the outdoor 
conditions, but also on the rate of heat liberation in the furnace. The 
factors which influenced the time required for the cooling and heating 
processes are more fully discussed in Sections 31 and 32, | 

In the case of the tests formerly made with a gravity warm-air 
furnace installation, and reported in Engineering Experiment Station 
Bulletin No. 246, reducing the room air temperatures to 60 deg. F. at 
night was accompanied by a sacrifice of comfort in the house during 
most of the hours before noon, brought about by the influence of cold 
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walls and floors persisting over most of this period. This condition 
was not as noticeable in the case of the forced-air installation, since 
the circulation of greater amounts of air tended to distribute the heat 
more evenly over the entire room, rather than largely at the ceiling, as 
in the case of the gravity plant. The more positive and uniform 
distribution of the warm air decreased the time required for the room 
temperature to attain a normal value, and thus minimized the dis- 
advantages accompanying this method of operation with the gravity 
plant. 

The records of flue gas temperatures and percentages of CO, in the 
flue gas are also shown in Fig. 18. During the warming-up period when 
the combustion took place in a relatively cold firepot and combustion 
chamber, the draft was at a minimum value, and the amount of in- 
duced air, in excess of that normally provided by the fan on the burner 
unit, was also at a minimum. This resulted in traces of light grey 
smoke and a higher percentage of CO, in the flue gas than that ob- 
tained under conditions of normal operation. After the burner had 
been in continuous operation for several hours both the flue gas 
temperatures and the stack draft attained normal values, and no traces 
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of smoke were visible. Although the draft regulating damper was set 
to maintain a constant draft of 0.02 in. in the combustion chamber, the 
damper opening was not quite sufficient to maintain the draft at this 
value. Hence, the slight increase in draft under normal operation was 
accompanied by a slightly larger amount of induced air entering the 
firepot and by a somewhat lower percentage of CO, in the flue gas. 
These data indicate that the adjustment of the air inlet to the burner 
for the proper ratio of air to fuel in the case of intermittent operation 
was not strictly applicable under conditions of continuous operation 
after the burner had been shut down for several hours. However, these 
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slight variations in the air requirements did not seriously affect the 
operating efficiency. 


30. Fuel Consumption—The amounts of fuel required when the 
room temperature was maintained constant both day and night and 
when it was reduced during the night, were plotted against the differ- 
ences in temperature between the indoors and outdoors, as shown in 
Fig. 19. The data for fuel consumption under the two conditions of 
operation were obtained with two rates of oil input to the burner, 
namely with rates of 7.1 lb. per hr. and 9.2 lb. per hr. The curves 
indicate that by reducing the house temperatures at night a decrease in 
oil consumption of approximately 7 to 9 per cent was effected for the 
9.2 per hr. rate, and a decrease of approximately 11 per cent for the 
7.1 lb. per hr. rate. These results are comparable with the 4 to 8 per 
cent reduction reported in Engineering Experiment Station Bulletin 
No. 246 for a gravity furnace equipped with a conversion gas burner 
of the surface combustion type. 


31. Calculated Values of Fuel Saving—By using an estimated 
average value for the indoor temperature, it is possible to calculate 
the probable fuel saving which would be obtained by reducing the room 
temperatures at night instead of maintaining a constant room tempera- 
ture. The following equations* for determining the values of indoor 
temperatures and fuel savings are based on the method given in the 
Guide of the American Society of Heating and Ventilating Engineers: 


: — Nata + Nn-tn d 

a= vi , an (1) 
ta — te 

S = 100 x ———— (2) 


a t ae to 
in which : 


tg = average indoor temperature during 24-hr. period, deg. F. 
tg = indoor temperature during day, deg. F. 
t, = indoor temperature during night, deg. F. 
t, = average outdoor temperature during heating season, deg. F. 
Na = number of hours in the day that tg is maintained 
N, = number of hours in the day that ¢, is maintained 


S = calculated fuel saving, per cent 
*A.S.H.V.E. Guide for 1939, p. 236. 
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By substituting numerical values from Fig. 18 in the equations, 
the theoretical fuel saving can be obtained for conditions similar to 
those which were maintained in the Research Residence tests. Thus 


17.5 X 72 + 6.5 X 60 1650 
= 13 = = 68.8 deg. F. 


> 24 24 


72 — 68.8 3.2 
100 x —————_——- = 100 X ity, = 9.4 per cent 


S 
12 = 38* 


The actual fuel saving of from 7 to 11 per cent is in good agreement 
with the calculated value of 9.4 per cent. 

The use of Equations (1) and (2) is limited to certain conditions 
which have been represented in the temperature diagram shown in Fig. 
20. The indoor temperature is assumed to change with time, in a 
manner represented by the line a-b-c-d. Due to the heat storage 
capacity of the building during the cooling process, and the delay or 
“lag” in warming the building, the indoor temperature will actually 
change in some manner similar to that represented by the line a-b’-c-d’ 
in Fig. 20. When the actual indoor temperature cycle, as represented 
by the line a-b’-c-d’, approaches the theoretical cycle, as represented 
by the line a-b-c-d, the agreement between the theoretical value and 
the actual value of the average indoor temperature, t,, will be close. 
This condition is approximated when the area a-b’-c-d’-a approaches 


f for Urbana, Illinois of 38 deg. F. was selected from Table 
1 pois faethe AS HVE. 1939 Guide, which gives values for Chicago of 36.4 deg. 
F aad for So rusteld, Illinois of 39.8 deg. F. Urbana is approximately mid-way between these 


two listed stations. 
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the area of the rectangle a-b-c-d-a, or when the area a-b-b’-a ap- 
proaches the area d-c-d’-d. The calculated saving of fuel will not be 
obtained in practice if the actual conditions deviate markedly from 
those assumed. For example, a calculated saving of 17.6 per cent would 
be indicated if the house temperature were reduced to 50 deg. F. at 
night, instead of to 60 deg. F. as in the first example: 


17.5 X 72-F 6.5 X50 1585 


Fae = = 66.0 deg. F. 
24 24 


72 — 66 


6 
100 X ———— = 100 X — = 17.6 pe il 
72 — 38 x 3A per cen 


S 


This saving might be obtainable if, when the average outdoor 
temperature during the night was 38 deg. F., the indoor temperature 
decreased to 50 deg. F. in 6.5 hrs. Actually, as shown in Fig. 21b, 
when the average outdoor temperature was 38.0 deg. F., the rate 
of cooling was about 1.6 deg. F. per hr. after the burner was 
stopped. Hence, in a 6.5-hr. cooling period, the house temperature 
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would decrease 6.5 X 1.6 deg. F. = 10.4 deg. F., or from 72 deg. F. to 
only 61.6 deg. F. A total decrease in temperature of 22 deg. F. in 6.5 
hrs., or an average cooling rate of 3.4 deg. F. per hr., would be obtain- 
able only in very cold weather when the average outdoor temperature 
at night was less than 15 deg. F. Therefore, over the greater portion 
of the heating season the actual fuel saving would be much smaller 
than 17.6 per cent. The values given in Fig. 21b are average cooling 
rates based on the entire period of cooling and include the high initial 
rate shown in Fig. 21a. Reasonably close estimates of fuel savings can 
be made only if the rate of cooling of the structure during average 
outdoor weather conditions is known. The cooling rates indicated in 
Fig. 21 probably are not applicable to constructions that differ 
materially from the typical uninsulated frame wall construction of the 
Research Residence. 


32. Warming-Up Period—tIn the discussion in Section 31 it has 
been assumed that the efficiency of the heating unit is the same 
whether it is operated intermittently, as in normal operation, or 
whether it is operated continuously, as in the warming-up periods in 
the morning. Obviously, for conditions under which the heating effi- 
ciency decreases as the length of the on period of the burner increases, 
the fuel saving effected by reducing the room temperature at night 
would be offset by the increased losses occurring during the warming- 
up period which is accompanied by continuous operation of the burner. 

The efficiency of heating units varies in this respect depending upon 
the fuel burned, and the method of operation. In a hand-fired, coal 
furnace* the heating efficiency usually decreases with increases in the 
combustion rate. Hence, the actual saving effected by reducing the 
house temperatures at night may be considerably less than the calcu- 
lated fuel saving. The use of protective or limit controls= placed in 
the smoke pipe would prevent the attainment of excessive flue gas 
temperatures and combustion rates, and would reduce . the losses 
occurring during the warming-up period. The limiting action of such 
controls on the rate of combustion would tend to lengthen the warm- 
ing-up period and to prevent overheating the furnace. Ina large num- 
ber of hand-fired plants, apart from any question of fuel saving, the 
limited fuel capacity of the firepot usually makes it advisable to bank 
the fire at night, and to maintain a reduced rate of combustion in the 
furnace, in order to prevent all of the fuel from burning out before 


*Typical curves of efficiency for hand-fired coal furnace are shown in Bulletin No. 246, Univ. 


V. Fig. 37, page 85. _ ; d 
vy Dee eas hieined in Fe eaeaie heating plant with such a control are shown in 


Bulletin No. 266, Unv. of Ill. Eng. Exp. Sta., Chapter VIII, Fig. 31, p. 87 
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morning. For gas-fired and oil-fired furnaces in which a fixed rate of 
heat input is maintained, it is probable that the losses occurring during 
the warming-up period are not materially larger than those occurring 
during normal periods of intermittent operation. 

The curves shown in Fig. 22 indicate that the time required for 
warming the Residence was a function of the outdoor temperature and 
of the rate of fuel input to the furnace. A high rate of fuel input would 
decrease the time required for warming the house and might allow the 
start of the warming-up period in the morning to be delayed until some 
time later than that necessary when a low rate of fuel input was used. 
The slightly longer period of reduced house temperatures resulting from 
the operation with the high rate of fuel input would tend to increase 
the fuel saving effected by the reduction of house temperatures at 
night. On the other hand, during normal intermittent operation, a 
lower rate of fuel input into the furnace is accompanied by slightly 
better efficiency than is a high rate of fuel input. For most economical 
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operation, therefore, a compromise must be made between the use of a 
net fuel rate just sufficient to take care of the maximum design load, 
and the use of a gross fuel rate that will provide for a reasonably 
short warming-up period. 


33. Conclusions—The following conclusions may be drawn as 
applying to the Research Residence and the conditions under which the 
tests were conducted: 

(1) By setting the room thermostat at 60 deg. F. for the period 
between 10:00 p.m. and 4:30 a.m. instead of maintaining a constant 
room temperature of 72 deg. F., a fuel saving of from 7 to 11 per cent 
was effected in an oil-burning furnace plant. 

(2) The actual fuel saving was in good agreement with the fuel 
saving of 9.4 per cent as determined by calculation. 

(3) The application of the equations for calculating the fuel sav- 
ings is limited to cases in which the rate of warming the structure 
is approximately the same as the rate of cooling, and in which the 
efficiency during the warming period is practically the same as that for 
periods of normal operation. 


VIII. Room TEMPERATURE VARIATIONS DuriInG Fan CyYcLE 


34. Preliminary Statement—It was observed in the Research 
Residence during the extremely severe winter heating season of 1935- 
1936, which was characterized by prolonged periods of cold weather, 
that although the air temperature at the breathing level was maintained 
at approximately 72 deg. F. for all weather conditions, a certain amount 
of discomfort was experienced in some of the first-story rooms, par- 
ticularly when the outdoor air temperature was lower than approxi- 
mately 15 deg. F. This condition was especially noticeable during the 
off periods of the fan in the forced-air heating system. 

The object of this investigation, therefore, was to study, under 
actual service conditions, some of the factors which affect the cyclical 
variations in temperature accompanying the operation of a forced-air 
heating system. All tests reported in this chapter were made with 
normal intermittent operation of the fan and burner in the oil-burning 


furnace, which is shown in Fig. 2. 


35. Variations in Living Zone Temperatures——A typical record of 
room air temperatures, at the floor level, the 60-in. or breathing 
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level, and the ceiling level, during a complete cycle of the on periods 
and off periods of the fan is shown in Fig. 23 for a day in which the 
outdoor air temperature was —8.0 deg. F. This record was obtained 
when the fan was operated with the arrangement of thermostats shown 
in Fig. 8. During the entire cycle of temperature variations, the air 
at the ceiling level was warmer than that nearer the floor level. 
Furthermore, when the fan ceased running, the temperature of the 
air near the ceiling decreased more rapidly than did the temperature 
of the air near the floor. 

From the standpoint of maintaining a minimum heat loss from the 
exposed walls in the upper portion of the room, a low temperature 
at the ceiling level would prove desirable. However, from the stand- 
point of its relation to the comfort of the occupant, the temperature at 
the ceiling level is of very little significance. From the latter considera- 
tion, it would appear that the average of the temperatures at the floor 
and breathing levels should be used as a criterion of the comfort 
conditions in the living zone. This average value, which has been 
designated as the “living zone” temperature, together with the rela- 
tive humidity of the air in the living zone, determines the effective 
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temperature maintained in that zone. Since a value of 63 deg. ef- 
fective temperature has been established* as the minimum for com- 
fort for persons normally clothed and surrounded by walls at the same 
temperature as that of the room air, this value has been used as a 
standard for comparison in evaluating the comfort conditions main- 
tained in the room with various methods of operation of the heating 
plant. 

The cyclical variation in living zone temperatures in the southwest 
bedroom, as indicated in part (a) of Fig. 24, was very small. Further- 
more, since the effective temperature in the living zone was greater 
than 63 deg. at all times, the temperature conditions in the room 


*Comfort chart of the American Society of Heating and Ventilating Engineers, A.S.H.V.E. 
Guide of 1939, page 62, Fig. 6 
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TABLE 5 


CHANGE In Living ZoNE TEMPERATURE DuriInG ON PERIODS AND 
Orr Prriops or FAN 
Difference between maximum and minimum values 


Change in Average for 
Story Room Temperature Sto: 
deg. F. deg. F. 


DSUYSG 5: s,arvdercivisaexs se viktarstnysteisiv's <ishanste Sun Room 3.8 

Dining Room 3.5 

Hall 2.0 

Living Room 3.2 

Kitchen 1.8 2.0 
SECON. ois.5 705.6 reveeons a tie ieimewre eo aeranels E. Bedroom 0.2 

S. W. Bedroom 0.9 

N. W. Bedroom 1.5 

Bath OZ, 0.8 
Ath EAD OC ER MLC are metricscte. cede W. Dormitory ny 

E. Dormitory 0.5 0.8 


Notes: Temperature of living zone determined by average of air temperatures at levels 4 inches 
and 60 inches above floor. 
Test made on February 18, 1936. Test No. 1003. Series 1-35 Controls. 
Outdoor temperature during test period approximately —6.0 deg. F. 


may be regarded as highly satisfactory. This small variation in living 
zone temperature was characteristic of the conditions which were 
maintained in all of the rooms on the second and third stories of the 
Research Residence, as is indicated by the values listed in Table 5. 

However, the variation in the living zone temperature for rooms 
on the first story was comparatively large, being approximately three 
times that of the rooms on the second and third stories. This difference 
in the temperature variations between first-story rooms and rooms on 
the second and third stories resulted from the “gravity” action accom- 
panying the intermittent operation of the fan. The anemometer 
readings obtained at the face of the warm air registers indicated that 
during the off periods of the fan practically no gravity circulation 
occurred in the ducts to the first story rooms. Hence heated air was 
delivered to the rooms intermittently, and only during periods of fan 
operation. On the other hand, very marked gravity circulation, 
occurred in the ducts leading to the second and third stories, the 
amount of air delivered being determined by the resistance to gravity 
flow of the particular ducts. Heated air, therefore, was being delivered 
to these rooms continuously, although in varying amounts. 

The variation in living zone temperature in the living room was 
also representative of the conditions existing in the kitchen and hall- 
way on the first story, and is illustrated by the curves shown in part 
(b) of Fig. 24. It may be noted from the shaded section in the curve 
for effective temperatures, that approximately two minutes after the 
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circulating fan was stopped the effective temperature in the living zone 
was reduced to less than 63 deg. The comfort conditions cannot, 
therefore, be regarded as entirely satisfactory, although either a slight 
increase in the average living zone temperature or a more frequent 
cyclical operation of the fan would be sufficient to provide satisfactory 
operation at all times. 

The temperatures maintained in the sun room, as indicated by the 
curves shown in part (c) of Fig. 24 were not satisfactory, since the 
effective temperature in the living zone did not attain a value of 63 
deg. at any time. The deviation of 3.8 deg. F. in the living zone 
temperature of the sun room was larger than that in any other room 
in the house, although it was only slightly larger than that of the 
adjacent dining room, which was effected to some extent by the 
temperatures in the sun room. 


36. Temperatures in Sun Room.—The conditions obtained in the 
sun room during extremely cold weather and with intermittent opera- 
tion of the fan are to some extent representative of the problems 
encountered in the case of the isolated room under similar conditions 
of operation. In the first place, the sun room was exposed to the 
outdoors on three sides and the roof, and the floor was exposed to an 
unheated, unexcavated space. Furthermore, the room was equipped 
with 125 sq. ft. of single-pane window surface and had a heat loss of 
25 340 B.t.u. per hr., based on an 80 deg. F. temperature difference. 
Since the volume of the room was 1150 cu. ft., the heat loss per cu. ft. 
of internal volume was 22.0 B.t.u., or approximately 2 to 3.5 times 
that of any other room in the house. It is not surprising, therefore, 
that the temperature differential from the breathing level to the floor 
was extremely large in cold weather, resulting in a living zone tempera- 
ture that was below the minimum required for comfort, even when 
the plant was in operation. In addition, when the fan was stopped, the 
sun room, due to the extremely large heat losses, tended to cool much 
faster than did the other rooms in the house. 

The conditions which contribute towards discomfort can be allevi- 
ated, corrected, or avoided entirely by modifications in the operation 
of the plant and by the reduction of the heat losses from the room. 
The following corrective measures may be suggested: 

(a) In the case of an isolated room, or a room having excessive 
heat losses, it is important that the losses be minimized by means of 
weather stripping, storm sash, sidewall insulation, ceiling insulation, or 
floor insulation. Such improvements in house construction not only 
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tend to reduce the cooling rate of the room when the fan is stopped, 
but also tend to decrease the temperature differential from ceiling to 
floor. 

(b) In many cases in which the exposure of different rooms is 
unequal it is common practice to use zone controls. 

(c) It is good practice to provide in the original design of the 
plant for the maintenance of slightly higher air temperatures in 
isolated rooms, so that the average air temperature during a complete 
cycle of operation will be increased. 

(d) Any method of operation or any device which will tend to 
reduce the temperature differential from breathing level to floor is 
particularly desirable. It is significant that with the maintenance 
of a uniform breathing level temperature in all the rooms of the 
house, any differences in the comfort conditions in the different rooms 
result largely from differences in the temperature gradients maintained 
in the rooms. 

(e) The discomfort arising in the off periods of the fan can prob- 
ably be minimized by providing for greater duration of fan operation. 
There is some tendency in commercial practice, particularly in the case 
of large installations, to use continuous fan operation. In this connec- 
tion it is probable that the most ideal conditions of comfort will be 
attained when both the fan and the burner tend to operate con- 
tinuously. 

(f) In the case of intermittent fan operation some improvement in 
conditions may be obtained by more frequent operation of the fan in 
order to reduce the length of each cooling period. 

In this connection some methods of operation suggested by items 
(d), (e), and (f) have been investigated, since the suggestions in items 


(a), (b), and (c) seem to be more or less self-evident without necessity 
for proof. 


37. Effect of Method of Control on Temperature Variation —A pre- 
liminary series of tests was conducted in order to determine the effect’ 
of four different methods of control on the temperature variations 
obtained in the living zone of the living room. All observations were 
made when the outdoor temperature was between —2.0 deg. F. and 
+ 4.0 deg. F., since discomfort was noticeable only in very cold 
weather, and was not of any consequence in average winter weather. 

With normal intermittent operation of the fan it was observed that 
during zero weather the fan operated 4.6 times per hr., and the maxi- 
mum variation in the living zone temperature was 2.7 deg. F. No 
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observable difference in either item was obtained when the room 
thermostat, which was of the heat-anticipating type, and which was 
located on the inside wall of the dining room, was lowered from the 
60-in. level to the 30-in. level. 

When the same room thermostat was located at the 60-in. level and 
on the inside wall of the sun room the frequency of fan operation was 
increased to 5.2 times per hr., with an accompanying increase in the 
number of off periods of the fan. To offset this, however, there was a 
decrease in the amount of variation of the living zone temperature to 
2.4 deg. F. Although the sun room cannot be regarded as the proper 
place for the location of a master thermostat, on account of the pro- 
nounced effects of sun exposure on that room, the results did indicate 
that an increase in sensitivity of the room thermostat is desirable since 
the cooling period during the off period of the fan was shortened. 
They also indicated that the room thermostat should preferably be 
placed in a room that is subject to rather wide fluctuations in tempera- 
ture if sensitive operation of the instrument is desired. 

All of the three series of tests discussed were made with intermittent 
operation of the fan. In the fourth series of tests, the same room 
thermostat was located at the 60-in. level in the dining room, and the 
control instruments were so arranged that the fan operated as long 
as the bonnet air temperature was greater than 125 deg. F. In all of 
these tests, however, the burner was operated intermittently. Due to 
the fact that the volume of air circulated was large, the fan did not 
run continuously even in zero weather. In order that the fan might 
operate continuously during zero weather, the air delivery would have 
had to be reduced considerably from the 1675 cu. ft. per min. delivered 
during the tests. In any case, the low temperature limit control in the 
bonnet operated so that the average frequency of fan operation was 
2.1 times per hr. for zero weather. This was materially less than the 
4.6 times per hr. obtained for normal intermittent operation of the 
fan. Since the fan was operated as long as the temperature in the 
bonnet was 125 deg. F. or more, there was some tendency for the air 
temperatures in the room to overrun, and there was also a slight 
delay in the delivery of sufficient heat on the first demand of the 
thermostat. As a result, the maximum variation in the living zone 
temperature was 3.3 deg. F. instead of the 2.7 deg. F. variation obtained 
with normal intermittent operation. 

From a study of the four methods of control used in these tests, 
it was evident that more frequent cyclical operation of the fan, pro- 
duced by more sensitive action of the room thermostat, tended to 
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reduce the length of the off periods of the fan, and hence the tempera- 
ture variation in the living zone. The possible improvements in this 
direction are to some extent limited. It was also indicated from the 
tests made with the fan operation limited to bonnet temperatures 
above 125 deg. F. that long operation of the fan necessarily tended to 
reduce the number of off periods occurring during the day, but did not 
necessarily reduce the length of each off period. The latter method, 
however, entails greater operating costs for the fan as compared with 
intermittent operation with the fan controlled primarily by the room 
thermostat. The possible application of a two-speed fan control which 
would retain the desirable feature of long operation without the 
accompanying added fan cost was indicated from these studies, and 
the results from such tests are reported in Chapter IX. 


38. Summary and Conclusions —The following summary and con- 
clusions may be considered as applying to the operation of a single- 
speed fan in the Research Residence: 

(1) It was observed that, although the air temperature at the 
breathing level was maintained at approximately 72 deg. F. for all 
weather conditions, a certain amount of discomfort was experienced in 
some of the first-story rooms, particularly when the outdoor air 
temperature was lower than approximately 15 deg. F. This condition 
was especially noticeable during the off periods of the fan. 

(2) The cyclical variation in temperature, during the on periods 
and off periods of the fan, was quite small in the living zone of the 
second- and third-story rooms, whereas that in the first-story rooms 
was about three times as large. 

(3) More frequent cyclical operation of the fan tended to reduce 
the length of the off periods, and hence the temperature variation in 
the living zone. Furthermore, the number of off periods occurring 
during the day was decreased when a method of control was used 
which provided for practically continuous fan operation. 


IX. PERFORMANCE CHARACTERISTICS WITH A Two-SpEEp Fan 
(Series 1-36 and 2-36) 


39. Preliminary Statement—In the design of a duct system for a 
forced-air heating plant the assumption is tacitly made that the 
operation of the fan will be continuous. Although continuous operation 
of the fan is commonly used in practice for large heating installations, 
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in a majority of the smaller installations the greater electrical cost 
accompanying continuous operation has resulted in the extensive use 
of an intermittently-operated fan controlled from a master room ther- 
mostat. In certain types of large installations and under extreme 
weather conditions, the latter method of fan operation may not prove 
to be entirely satisfactory, as has been indicated in Chapter VIII. 
Hence, a method of operation which combines long operating periods 
for the fan with reasonable electrical costs is worthy of investigation. 
Such an investigation of the performance of a two-speed fan in a forced- 
air heating system was made during the heating season of 1936-1937. It 
should be noted that the purpose in using two speeds for the fan was 
to vary the volume of air delivered, and that this could also be accom- 
plished by using dampers to control the output of a single-speed fan. 
Two series of tests were run, both under conditions of intermittent 
operation, and the results obtained with a two-speed fan were com- 
pared with those obtained with a single-speed fan. 


40. Limitation of Results—It should be recognized that the results 
obtained in these tests were influenced to a large extent by the condi- 
tions which were imposed and by the performance of the equipment 
used. For example, the selection of 1000 cu. ft. per min. delivery for 
low-speed operation of the two-speed fan was quite arbitrary, and the 
results obtained would have been modified slightly if a delivery either 
greater or less than this had been used. Also, the relative power costs 
for a two-speed fan motor and a single-speed fan motor would be 
dependent on the special characteristics of the motor used. These 
restrictions and limitations which apply to practically all tests made 
under similar service conditions do not, however, invalidate the results 
obtained, provided that the operating conditions do not deviate too 
far from those which would be considered as normal in ordinary 


~ applications. 


41. Temperature Differential in Rooms.—The results of an analysis 
of the average room temperature conditions maintained in all of the 
rooms of the Residence with both single-speed and two-speed fan 
operation are shown in Fig. 25, in which the data for the average 
differences in temperature existing between the breathing: level and 
the floor and between the ceiling and the breathing level have been 
plotted against the indoor-outdoor temperature difference. On. the 
average, the temperature of the air near the floor with two-speed fan 
operation was approximately 0.4 deg. F. higher than that obtained 
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with single-speed operation, although no appreciable difference was 
observed in the ceiling temperatures. Furthermore, the average value 
of the register air temperature was approximately 104 deg. F. with 
the two-speed fan owing to the preponderance of low-speed operation, 
and approximately 117 deg. F. with single-speed operation. It is, 
therefore, probable that the lower temperature of the air introduced 
into the room during the longer periods of low-speed operation may 
serve as an explanation for the slightly better average room tempera- 
tures that were maintained when the two-speed fan was used. 


42. Temperature Variation in Rooms.—In the discussion in Section’ 
41 the differences in the average temperature differential in the rooms 
obtained with the two methods of fan operation have been shown to 
be comparatively small. However, a study of the temperature fluctua- 
tions in any given room during a complete cycle of fan operation, as 
well as a study of the distribution of temperatures in the different 
rooms has indicated that the comfort conditions in the room were 
markedly improved with the two-speed operation of the fan. In 
general, discomfort occurred only during the off periods of the fan, 
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when no heat was being delivered to the room, and the effective 
temperature in the living zone had decreased to a value less than that 
which was considered satisfactory. Obviously, improvements in the 
room comfort conditions could be effected by a reduction in the num- 
ber of off periods, in a reduction in the average duration of the off 
period, or in a reduction in both factors. 

The upper set of curves in Fig. 26 shows the number of primary off 
periods of the fan per day. As is indicated in the inset shown at the 
top of the figure, the primary off period in the case of two-speed fan 
operation was regarded as the longer of the two off periods that 
usually followed a primary fan cycle. It is this primary off period, 
rather than the very short secondary off period, that is significant. 
The number of primary off periods per day was much smaller with 
two-speed fan operation than it was with single-speed fan operation. 
As shown by Fig. 26, with an indoor-outdoor temperature difference 
of 60 deg. F. the numbers of off periods were 82 and 145, respectively, 
for two-speed and single-speed operation. 

The middle pair of curves show that, in the case of two-speed 
operation, the total duration of time represented by the summation 
of the primary off periods per day was also less than that for single- 
speed operation. For an indoor-outdoor temperature difference of 60 
deg. F. the time durations were 3.0 hrs. and 12 hrs., respectively. 

The bottom pair of curves in Fig. 26 show the average duration of 
the primary off periods of the fan. For both series of tests the average 
duration of the off period diminished as the weather conditions became 
more severe. For an indoor-outdoor difference of 60 deg. F. the aver- 
age durations of the primary off periods were 3 minutes and 5 minutes, 
respectively, for two-speed and single-speed operation. Hence, from 
the standpoint of fewer number of off periods per day, and also from 
that of shorter duration for each off period, it may be concluded that 
the heat supply to the rooms was more nearly continuous, thus indi- 
cating that room temperatures were more favorable in the case of 
two-speed fan operation than in the case of single-speed operation. 

Studies of the variations in the temperature of the air during one 
complete cycle of operation of the circulating fan were made in the 
living room. This room was 13 ft. 6 in. by 20 ft. and had the north, 
east, and south walls exposed. The supply register was located in the 
baseboard of the inside west wall, midway between the north and 
south walls. The register used in this study was 10 in. by 12 in., of 
the perforated grille type, and introduced the air into the room ft an 
angle of approximately 45 degrees from the horizontal. The return air 
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TABLE 6 
VARIATIONS IN TEMPERATURES IN LiviInc Room 


Difference Between Maximum and Minimum 


Average Temperatures During One Complete 
Method of Fan N ed of Outdoor Fan Cycle, deg. F. ‘ 
Operation Averaged eon pereiars 
eg. 


At Floor At Br. Level At Ceiling 


Two-Speed....... 4 10.9 1.0 2.2 5.6 
Single-Speed...... 2 11.5 1.0 3.2 8.0 


.., Note: Tests made with no occupancy, no lights, and under fairly constant weather conditions 
with mild wind and very little sunshine. 


grille, which was 30 in. by 8 in., was located in the floor in the 
northeast corner of the room. 

Five preliminary tests were made including both high- and low- 
speed operation of the fan, and with the outdoor temperatures ranging 
between 4.5 deg. F. and 17.0 deg. F. Each test comprised one com- 
plete cycle of fan operation and was made in order to determine the 
amount of deviation occurring between the temperature in the center 
of the room and the temperatures observed in the four corners of the 
room. These preliminary tests indicated that the average deviations 
of the corner readings from the center reading were very small, 
amounting to + 0.02 deg. F. at the breathing level, and —0.25 deg. F. 
at the floor. Furthermore, these deviations were not affected to any 
extent by the changes in the fan speed. There was some indication 
that the northwest corner was slightly warmer than, and that the 
southeast corner was slightly colder than the other parts of the room. 
In general it was shown that the air temperatures observed in the 
center of a given horizontal plane in the room were representative of 
those prevailing at all points in the same plane in the room. 

In a second set of tests the temperature variations occurring during 
one complete cycle of operation of the fan were investigated in the 
living room by means of thermocouples placed on a standard which 
was located in the central axis of the room. The temperature observa- 
tions were made at intervals of one minute during the complete cycle 
of operation. The differences between the maximum and the minimum 
temperatures observed at each of the three levels in the room are shown 
in Table 6. The variations in floor temperature were the same with 
both methods of operation, but the variations in temperature at the 
breathing level and ceiling were much smaller with two-speed opera- 


tion than they were with single-speed operation. 
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In a third set of tests, which were made in the east bedroom on 
the second story and in the sun room on the first story, the tempera- 
ture distribution between the two stories of the house was investigated. 
With two-speed operation, due to the fact that the gravity circulation 
to the second-story rooms was minimized and the total time that the 
fan operated was increased, the proportion of the total heat delivered 
to the first-story rooms was slightly greater than that delivered with 
the single-speed operation. This in itself can be readily adjusted, but 
it does serve to emphasize the fact that the amount of dampering 
required on any given duct installation is dependent on the method of 


OIL-FIRED FORCED-AIR FURNACE SYSTEMS 71 


fan operation used, and is not the same for both continuous and 
intermittent operation of the fan. 

It was indicated in Section 35 that, in the case of all of the second- 
story rooms, the temperature variations were small. Observations of 
temperatures in the east bedroom proved that the actual temperature 
gradients from breathing level to floor were the same for the two 
methods of fan operation, and furthermore that the maximum varia- 
tion in temperature in the living zone did not exceed 0.9 deg. F. for 
both series. It may be concluded, therefore, that the use of the two- 
speed fan did not change the favorable conditions that existed in the 
second-story rooms when the single-speed fan was in use. 

In the case of the sun room, with an outdoor temperature of 6.0 
deg. F., the use of the two-speed fan was accompanied by an increase 
in the living zone temperature of 0.6 deg. F. and by a decrease in the 
maximum temperature deviation in the living zone of 0.4 deg. F., as 
compared with corresponding values obtained with single-speed fan 
operation. Both factors indicate that more favorable conditions were 
maintained with the use of the two-speed fan. 


43. Fuel Consumption—The operating conditions which were 
maintained for the oil burner and the oil-burning furnace were identical 
in the two series of tests made with the single-speed and the two-speed 
fans. The oil input rate was approximately 13 lb. per hr., the air 
supply to the burner was adjusted to maintain 9.5 per cent of CO, in 
the flue gas, and the draft in the combustion chamber was maintained 
at 0.02 in. of water. For both series of tests the data on fuel con- 
sumption were obtained over a wide range of weather conditions, and 
the consumption of fuel oil in pounds per 24 hours has been plotted 
against the difference in temperature existing between the indoors and 
the outdoors for the same period, as shown in Fig. 27. The plotted 
points deviate to some extent from the curve representing the average 
of the observed data, and these deviations can be attributed to the 
wind and sun effects which cannot be represented on a curve based on 
temperature difference alone. 

The full line in Fig. 27 represents the data obtained with the single- 
speed fan, while the broken line represents that obtained with the 
two-speed fan. For milder weather conditions, or for indoor-outdoor 
temperature differences less than 45 deg. F., very little difference 1 in the 
fuel consumption resulted with the two meihods of operation. For 
colder weather, or for indoor-outdoor differences greater than 45 
deg. F., the fuel consumption with the two-speed operation was slightly 
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less than that with single-speed intermittent operation. This reduction 
in fuel consumption varied from 3 per cent to 8 per cent for indoor- 
outdoor differences varying from 50 deg. F. to 65 deg. F. The reduc- 
tion in fuel consumption obtained with lower fan speeds cannot be 
attributed to higher bonnet efficiencies maintained during the periods 
of burner operation, since previous tests discussed in Section 15 had in- 
dicated that the higher bonnet efficiencies accompanied the larger 
quantities of air circulated over the heating surfaces. However, as 
shown in Fig. 28, the flue losses during the off period of the burner 
were apparently lower with the two-speed fan than they were with’ 
the single-speed fan. In the latter case the fan was stopped at the 
same time that the burner was stopped, and the reserve heat in the 
furnace tended to raise the temperature of the air in the bonnet. In 
the case of the two-speed fan, the fan continued to operate for some 
time after the burner had stopped and the residual heat in the furnace 
was completely transferred from the bonnet to the rooms. It is prob- 
able, therefore, that with two-speed fan operation the reduction in the 
loss occurring in the hot gases passing up the chimney during the off 
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period of the burner was equal to or slightly greater than the slight 
increase in these losses during the on period. Since the speed: of the fan 
was low, and the amount of residual heat was limited, the temperature 
overrun that accompanied these comparatively long periods of fan 
operation after the room had attained normal temperature was not 
of sufficient consequence to be objectionable. The difference in seasonal 
fuel consumption for the two cases would be small, and for all prac- 
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tical purposes it may be concluded that the fuel consumption for the 
two methods of operation was essentially the same. 


44. Burner and Fan Operation—The data obtained for the opera- 
tion of the burner are shown in Fig. 29. As shown in the top pair of 
curves the number of cycles of operation obtained with the two-speed 
fan was materially less than that obtained with the single-speed fan. 
Since the total time of burner operation per day was approximately 
the same in the two cases, as shown in the middle pair of curves, the, 
average length of the on period of the burner was greater with the two- 
speed fan arrangement. The latter may also be deduced from the flue 
gas temperatures shown in Fig. 28. The electrical input to the burner 
motor was approximately the same for the two cases. 

Similar data for the circulating fan are shown in Fig. 30. Marked 
differences were obtained in the total time of fan operation for a 24-hr. 
period, as is also indicated by Table 7. The total running time accom- 
panying two-speed operation was approximately 80 per cent greater 
than that for single-speed operation of the fan. With an indoor-out- 
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TABLE 7 
TIME OF OPERATION OF SINGLE-SPEED AND Two-SpEEp Fans 


Indoor-Outdoor Total Time of Fan Operation, hr. Increase in Running Time of 


Temperature Two-S) i 
; ee ee et EE ee peed Fan Operation Over 
puresenbe ‘ Single-Speed Operation 
eg. 1. Single-Speed Two-Speed per cent 
20 3.9 7.3 87 
40 18 14.2 82 
60 12.0 20.6 72 


door temperature difference of 60 deg. F. the fan operated 20.6 hours 
out of 24.0, or 86 per cent of the time, when the two-speed arrange- 
ment was used. 

The average rate of electrical input to the motor for the fan was 
0.38 kw. with single-speed operation. In the case of the two-speed 
fan 0.23 kw. was required per 1000 cu. ft. of air delivered per min. at 
high speed, while, as a result of slightly lower motor efficiencies, the 
rate at the low speed was 0.25 kw. per 1000 cu. ft. of air delivered 
per min. The two-speed fan operated a major portion of the time 
delivering 1000 cu. ft. of air per min. with an electrical input rate of 
0.25 kw. 

Due to the greater time of operation the total electrical input ob- 
tained with the two-speed fan was from 9 to 21 per cent greater than 
that obtained with the single-speed fan, depending upon the severity 
of the weather, with an average value of approximately 15 per cent. 
These comparative values are dependent to a large extent on the per- 
formance characteristics of the motor used. 

In general the increased cost of electricity for the fan and burner 
motors in the case of the two-speed fan tended to offset the decreased 
cost of fuel, and, when all factors are taken into consideration, the 
total daily operating costs for the two methods of operation may be 
considered as practically the same. 


45. Summary.—The following summary may be considered as ap- 
plying to the operation of a two-speed fan in the Research Residence: 

(1) The use of a two-speed fan, that operates at low speed during 
the greater portion of the heating season and at high speed during 
heavy heating demands only, requires a more expensive motor and a 
more complicated control system than is required for the simpler single- 
speed fan operated intermittently. 
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(2) In the case of the two-speed fan, the fan was operated a greater 
proportion of the day, the total number of the primary off periods of 
the fan was decreased, and the average duration of the off periods 
of the fan was diminished. Furthermore, the temperature conditions 
in the room were improved. 

(3) The temperature and comfort conditions in the second-story 
rooms, which were entirely satisfactory with single-speed fan opera- 
tion, were not changed when a two-speed fan was used. In the first- 
story rooms, not only did the two-speed operation tend to increase 
the temperatures in the living zone, but it decreased the temperature 
fluctuation during each fan cycle. These improvements in the comfort 
conditions, consisting not only of a substantial reduction in the num- 
ber and length of off periods of the fan per day, but also of a notice- 
able improvement in the variations in air temperature in first-story 
rooms, are such that the use of a two-speed fan should be given con- 
sideration in the application of forced-air heating to small and 
medium-sized installations. The accompanying factors of quiet opera- 
tion and more moderate air movement in the rooms may also be con- 
sidered as advantageous features. 

(4) The total operating costs, including those for fuel, and for 
electricity for the fan and burner motors, were approximately the same 
with both methods of fan operation. 


X. Factors AFFECTING TEMPERATURE DIFFERENCE 
BETWEEN 60-INcH LEVEL AND FLOOR 


46. Preliminary Statement—In Chapter VIII it was indicated that 
the discomfort experienced in some of the first-story rooms was partly 
attributable to the difference in the temperatures that existed between 
the breathing level and the floor, and partly to the fluctuations in the 
air temperature during a cyclical operation of the fan. It was also. 
indicated in Section 42 that the variations in the air temperatures in 
the rooms could be reduced to some extent by the use of a two-speed 
fan. In addition, improvements of equal or even greater importance 
in the comfort experienced in the living zone may be effected by sub- 
stantial reductions in the temperature difference between breathing 
level and floor, as illustrated in Table 8. 

For ideal conditions of operation, corresponding to line 1 in Table 8 
in which no difference in temperature is shown between the breathing 
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TABLE 8 
Errective TEMPERATURE IN Living ZONE WITH VARIOUS 
TEMPERATURE DIFFERENTIALS 
(Based on breathing level temperature of 72 deg. F.) 


Air Temperatures, deg. F. : 
Effective Temperature 


in Living Zone,* 
Breathing Level Floor Level Average Living Zone DEETON 
72 72 72.0 66.1 
Uk 71 71.5 65.7 
72 70 71.0 65.4 
72 69 70.5 65.0 
72 68 70.0 64.7 
72 7 69.5 64.3 
72 66 69.0 64.0 
72 65 68.5 63.6 
i 64 68.0 63.2 
72 63 67.5 62.8 


*Effective temperature based on a relative humidity of 30 per cent. Values would be increased 
approximately 0.6 deg. for a relative humidity of 40 per cent. 


level and the floor, the effective temperature would be 66.1 deg. Under 
these conditions, the living zone temperature might decrease at least 
4.0 deg. F. during a cyclical operation of the fan before the effective 
temperature approached 63.0 deg. On the other hand, if the tempera- 
ture difference between breathing level and floor were 6.0 deg. F., the 
effective temperature in the living zone would be 64 deg., and a reduc- 
tion in the dry-bulb temperature of only 1.0 deg. in this zone would 
result in an effective temperature approaching the lower allowable 
limit of 63 deg. Furthermore, if the temperature difference between 
breathing level and floor became 8.0 deg. F., the effective temperature 
would be 63.2 deg. and any reduction in the temperature in the living 
zone would result in an effective temperature lower than the allow- 
able limit. In the case of a room in which a large temperature differ- 
ential exists, improvement in comfort conditions may be made either 
by increasing the temperature at the level of the thermostat, particu- 
larly as the weather gets colder, thus increasing the temperature at all 
levels; or by maintaining the same temperature at the control level 
and reducing the temperature differential. Since the former method 
is more wasteful of heat, it is apparent that the only satisfactory 
solution of the problem consists in the maintenance of minimum 
temperature differentials in the given rooms. In connection with this 
study an extensive series of tests has been conducted over a period 


of years. 
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47. Effect of Storm Sash—In a previous publication* it was shown 
that by equipping the windows with tightly-fitting storm-sash, the 
room temperatures at the floor level were increased, although no ob- 
servable change in the temperatures at the ceiling was recorded. The 
use of the additional barrier of glass against heat flow resulted in an 
increase in the temperature of the inner surface of the glass and in an 
increase in the temperature of the air which flowed down over the 
window sills and settled in the lower portion of the room. The data 
obtained in the dining room indicated that the increase in the tempera- 
ture at the floor level was approximately 0.6 deg. F. for an outdoor 
temperature of 50 deg. F. and was approximately 1.8 deg. F. for an 
outdoor temperature of 0 deg. F. 

In a similar manner, the use of sidewall insulation should tend to 
increase the temperature of the air flowing down the wall and hence 
tend to increase the temperature at the floor level. Adequate protec- 
tion of the windows and walls will, therefore, not only reduce the loss 
of heat from the structure, but will also promote more comfortable 
room conditions by increasing temperatures in the living zone and by 
minimizing the heat loss from the body to cold surfaces. 


48. Effect of Air Temperatures —Incidental to the tests made with 
the oil-burning furnace and with the conversion unit, it was observed 
that although no difference existed in the temperatures obtained at the 
floor with the two installations, the temperatures at the ceiling in the 
case of the oil-burning furnace were slightly higher than they were 
with the conversion unit. The same quantity of air (1675 cu. ft. per 
min.) was circulated in both cases, but the temperature of the air 
leaving the furnace (as measured in the north trunk duct) was ap- 
proximately 4 deg. F. higher for the oil-burning furnace than it was 
for the conversion unit under comparable weather conditions. This 
slightly warmer air entered the rooms through registers of the per- 
forated grille type and rose to the ceiling, causing slightly warmer 
temperatures at this level. The increase in ceiling temperatures was of’ 
the order of 0.2 deg. F. and 0.8 deg. F., respectively, for indoor-outdoor 
temperature differences of 30 deg. F. and 70 deg. F. 


49. Effect of Air Volumes—The average temperature differentials 
for all of the rooms in the Residence have been obtained for each of 
the three main types of heating systems that have been installed. The 


*“Fuel Saving Resulting from the Use of Storm Windows and Doors’’ by A. P. Kratz and 


Ss. mento: A.S.H.V.E. Journal Section of Heating, Piping, and Air Conditioning, Dec. 1935 
pp. 595-599. ; 
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Fic. 31. TEMPERATURE DIFFERENTIALS WITH Gravity, AUXILIARY 
Fan, AND Forcep-Air SysTeMsS 


temperature differentials obtained with the gravity warm-air, the 
auxiliary-fan, and the forced-air systems, are shown in Fig. 31. In 
all cases the same registers, designated as the perforated grille type, 
were used, and hence the warm air was introduced into the rooms 
in the same manner. In the case of the forced-air system, the differ- 
ential for the sun room has been included in the average, whereas it 
was not included in the case of the two other systems because of the 
fact that the sun room was not heated. Hence, the results as shown 
tend slightly to favor the gravity and auxiliary-fan installations, since 
the inclusion in the average of a large value for the sun room would give 
larger differentials than those obtained for the other rooms only. Even 
so, however, it may be noted that the smallest temperature differential 
was obtained with the forced-air system, particularly with continuous 
operation of the fan. This reduction in temperature difference may be 
attributed not only to the increase in the quantity of air which was 
circulated, but also to the decrease in the temperature of the air which 


was introduced into the rooms. 


50. Effect of Type of Register—In Engineering Experiment Station 
Bulletin No. 266 the results from an extensive series of tests made to 
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Fic. 32. Room TEMPERATURE DIFFERENTIALS WITH Two TyYprEs OF REGISTERS 


determine the effect of various types of warm-air registers on the 
temperature gradient in a room have been reported. These tests, which 
were made in the east bedroom under similar conditions of operation, 
indicated that for the same register air velocities, the minimum 
temperature differential was obtained when baseboard registers were 
used containing deflectors which projected the air slightly downward 
and thus spread the warm air near the floor. 


51. Effect of Deflecting Registers on-Room Temperature Differ- 
entials—In 1936 the twelve registers of the perforated grille type 
which had been in use since 1924 were replaced with smaller registers 
of the deflecting type, the dimensions and description of which are 
given in Table 2 and Section 7. Tests with these registers in place 
were made in connection with the oil-burning furnace unit operated 
intermittently and using a single-speed fan. The results obtained are 
shown in Fig. 382. For purposes of comparison the corresponding curves 
for the single-speed fan shown in Fig. 25 have been transferred, and 
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are shown as broken line curves in Fig. 32. An appreciable improve- 
ment in the room temperature conditions was obtained with the de- 
flecting type of registers. For an indoor-outdoor temperature difference 
of 60 deg. F., the total temperature difference between the floor and 
the ceiling was reduced from 8.8 deg. F. to 4.5 deg. F. 

Furthermore, the greatest improvement was observed in the dif- 
ference in temperature between the floor and the breathing level. For 
an indoor-outdoor difference of 60 deg. F., the temperature difference 
between the floor and the breathing level was reduced from 6.2 deg. 
F. to 2.9 deg. F. As may be observed from Table 8 the corresponding 
improvement in the living zone temperature was equivalent to an in- 
crease in the effective temperature of 1.0 deg. This decrease in the 
temperature differential, with the corresponding increase in the temper- 
ature, particularly in the living zone, represents the largest improve- 
ment effected by any single factor which has been studied, and 
substantiates the conclusions reported in Section 50 which were ob- 
tained from the earlier tests made in the east bedroom alone. 


52. Effect of Deflecting Registers on Air Flow.—The velocity of the 
air leaving each of the twelve registers and the distribution of the air 
in the rooms, before and after the registers were changed, were studied 
by means of anemometers and smoke in order to determine the shape 
and location of the envelope of the air stream. In every case in which 
the perforated grille type of register was used, the air was projected 
into the room at an angle varying between approximately 45 and 60 
degrees, and the warm air rose directly to the ceiling. In addition, the 
air stream was confined to a small portion of the room, as indicated 
by the envelopes shown in Fig. 33, and in this way local effects were 
accentuated. After the registers were changed, the envelopes, as shown 
in Fig. 34, were spread out in a horizontal direction and confined to 
within about 10 in. above the floor, thus both minimizing any local 
effects and confining them to a region in which they would not be 


objectionable. 


53. Summary.—The following summary may be considered as ap- 
plying to the Research Residence and the conditions under which the 
tests were conducted: 

(1) A reduction in the temperature difference between the breathing 
level and the floor may be effected by the use of storm sash, by the 
circulation of large volumes of air at lower temperatures, and by the 
use of registers which deflect the air towards the floor. The results 
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obtained from the use of deflecting types of registers located in the 
baseboard and having horizontal louvers were markedly better than 
those obtained with registers of the perforated grille type used in the 
same location. 

There remains little doubt that, by the proper application of de- 
flecting types of registers, some of the problems arising from the varia- 
tion in room temperatures may be avoided. The application of this 
type of register should be given especial consideration in houses that 
are not well protected against heat loss, in rooms that have excessive 
exposure, in isolated rooms, and in rooms that are located on the 
first story. 


APPENDIX 
CALCULATION OF FLUE Gas Loss 


The values of the heat loss in the flue gases discussed in Section 17 
were calculated for a typical fuel oil by making use of the ultimate 
analysis which is shown in Table 9. 

The total flue gas loss consisted of the sum of the following items: 


H =W-C,: (ty — ts) (1) 
H. = M. (hg — hy) (2) 
Ha = Ma (hg — hoa) (3) 


in which 
H = loss in dry flue gases formed, B.t.u. per lb. of fuel burned. 
W = weight of dry flue gases formed, Ib. per Ib. of fuel burned. 
TABLE 9 


TypicaL* Uttimate ANALYSIS For Fur. Orn 
Calorific value = 19 500 B.t.u. per lb. 


Element Weight 


per cent 
C 84.51 
He 12.98 
Oz 0.99 
Ne 0.99 
‘S) 0.53 
Total 100.00 


*“A Study of the Oil Burner as Applied to Domestic Heating”’ 


by A. H. Senner, U. 8. Dept. of A i 
eee ee ept. of Agr. Tech. Bul. No. 109, Revised 
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Cy = specific heat of products of combustion, B.t.u. per lb. 
t, = temperature of flue gas leaving furnace, deg. F. 
t% = temperature of basement air, deg. F. 


H, = loss in water vapor formed by combustion, B.t.u. per lb. 
of fuel burned. 


M. = weight of moisture formed from combustion of hydrogen, 
Ib. per Ib. of fuel burned. 
h, = enthalpy of superheated steam at temperature ¢, and 


average vapor pressure of 1 lb. absolute, B.t.u. per lb. 
h; = enthalpy of liquid at temperature #, B.t.u. per lb. 


H, = loss in water vapor accompanying air for combustion, lb. 
per lb. of fuel burned. 


M, = weight of moisture accompanying air for combustion, Ib. 
per lb. of fuel burned. 
Aga = enthalpy of saturated vapor at temperature t, B.t.u. per Ib. 


By assuming different percentages of excess air, the values of 
W, M., and M, were computed for conditions of complete combustion 
from the following equations: 


4.33 ) 
4=—— [2070 +8+8(H—-—)| (4) 
100 8 
E 
hee od a at ee 5 
( z: ee & 
N, = 0.769 A, (6) 
N 
aN 7 
N; + ar (7) 
3.67 C 
CO, Sa a, aan (8) 
100 
28 
SO, a Ea (9) 
100 
0.231 A E 
On see (10) 


100 
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W =N,+ CO2 + SO2 + Oa 


9H. + My; 
100 


c 


Ace lee (tn 


M,= 
100 


in which: 


(11) 


(12) 


(13) 


A = theoretical weight of air for complete combustion (without 


excess), lb. per lb. of fuel burned. 


A, = total weight of air including assumed excess, lb. 
of fuel burned. 


C = carbon in fuel, per cent by weight. 

S = sulphur in fuel, per cent by weight. - 
Hz 
O2 = oxygen in fuel, per cent by weight. 


hydrogen in fuel, per cent by weight. 


E = excess air, per cent by weight. 


N. = weight of nitrogen in air used for combustion, lb. 
of fuel burned. 


N,; = total weight of nitrogen in flue gas, lb. per lb. 
burned. 


N = nitrogen in fuel, per cent by weight. 


CO2 = weight of carbon dioxide in flue gas, lb. per lb. 
burned. 

SO. = weight of sulphur dioxide in flue gas, Ib. per lb. 
burned. 


per lb. 


per lb. 


of fuel 


of fuel 


of fuel 


O. = weight of oxygen in flue gas, lb. per lb. of fuel burned. 


M; = moisture in fuel, per cent by weight. 


R = relative humidity of air used for combustion, per cent. 


ma, = weight of moisture, in saturated air at the temperature , 


lb. per Ib. of air. 


The numerical values for enthalpy at various temperatures ranging 
from 65 deg. F. to 1000 deg. F. were obtained from the tables given 
in “Thermodynamic Properties of Steam” by J. H. Keenan and 


F. G. Keyes. 


oe 
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Tasie 10 
Mean Speciric Heats or Dry Fius Gas RESULTING 
FROM COMBUSTION OF OIL 
8ees—=$—=—=0—$8@$@mOmO0O0OlOoDoOoOaananananaoa 


Flue Gas T. t Fs 
i dar. bs (Mean Specific Heat between 
65 deg. F. and t,) 


300 0.243 
400 0.244 
500 0.246 
600 0.247 
700 0.249 
800 0.250 
900 0.251 
1000 0.253 


The values for the specific heat of dry flue gas, C,, used in Equa- 
tion (1) were calculated from data on mean specific heats of various 
gases at different temperatures as given by Justi and Liider in For- 
schung Vol. 6, 1935, p. 209. The mean specific heat for the flue gases 
resulting from the combustion of oil are shown in Table 10. The table 
gives mean specific heats at constant pressure for temperatures be- 
tween 65 deg. F. and the indicated flue gas temperature, t,. 

The values of (M.+ M,), W, A, and E have been plotted against 
the accompanying percentages of CO2, as shown in the right hand side 
of Fig. 8. 

The total loss in the flue gas in B.t.u. per lb. of fuel burned is 
equal to the sum of H, H., and H, as calculated from Equations (1), 
(2), and (3). The total loss expressed in per cent of the heat evolved 
from the fuel was obtained from the following equation: 


100 (H + H. + Ha 
oo (H + H. + Ha) (14) 


F 


in which: 
L = total loss in flue gas, per cent of the heat produced by 
fuel burned. 


F = calorific value of fuel, B.t.u. per lb. 


The calculated values of the total loss in the flue gases were 
plotted against percentages of CO: as shown in Fig. 8. 
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